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A fixed beamformer is proposed and designed to identify source regions of
Intra-Seasonal Oscillations (ISO) in the tropical atmosphere. After tested by
simulations of single and complex sources of waves, the fixed beamformer is applied
to the ECMWF interpolated data grids to detect and identify source regions of the ISO
in the tropical Indian and Pacific Ocean region. Results show that the fixed
beamforming technique can uniquely identify the source region of the ISO, and the
source regions of all major ISO in the tropical Indian and western equatorial Pacific
region during the 29 yr from 1974 to 2002 have been identified.
Examinations of ISO development in the source regions indicate that besides
the eastward propagating ISO, there were non-propagating ISO during this 29-year
period. To understand why some ISO propagate while others are stationary, statistical
analyses are used to examine the vertical and horizontal structures of these two types
of ISO. Results show very different structures during the development and evolution
of these two different types of ISO. For the propagating ISO, both moisture and
temperature processes/disturbances are very important for the development of the
ISO. This type of ISO is developed in a relatively warm and wet large-scale

environment, and wind enhanced surface evaporation is a major mechanism. For the
non-propagating ISO, temperature process is not as important as the moisture process
in the development of ISO. Temperature anomalies remained weak before the onset of
major convection in the ISO and reached peak intensity afterward peak convection.
Both temperature and moisture anomalies developed but were confined within the
source region. The non-propagating ISO develop in a relatively cool and dry
environment. Although weak low-level easterly anomalies and surface evaporation
existed before the onset of major convection in these ISO, radiation-convection
interaction mechanism seems to be playing an important role in triggering the nonpropagating ISO. A key support for this notion is that relatively cold temperature
anomalies persisted in the middle troposphere during the development of the ISO.
This radiative cooling destabilized the troposphere profile and favored convection
development.
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Chapter 1

1 Introduction

1.1 ISO History and the importance of ISO research
Intraseasonal oscillation (ISO) is a remarkable convection feature in the
tropical atmosphere. This dominant component of tropical atmosphere was first
observed and documented by Madden and Julian [Madden and Julian 1971, 1972]. In
their article, the 30~60 day oscillations show an eastward propagation during the
evolution, thus the eastward-propagating ISO is also called MJO (Madden and Julian
Oscillations). During the last thirty years, many research efforts have revealed the
characteristics and investigated the mechanisms of the ISO. From this research comes
a satisfactory definition of the ISO [e.g. Salby and Hendon, 1994; Medden and
Julian, 1994; Lau and Waliser, 2005], i.e., the ISO is an oscillation of tropical
convection with a period of 30-90 days. The ISO generates planetary-scale waves
which propagate eastward (the Kelvin waves), and westward and northwestward (the
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mixed Rossby-gravity waves) during boreal summer over the tropical oceans from the
Indian Ocean to western and central Pacific Ocean [Knutson et al. 1986]. The phase
speed of the eastward propagating waves is about 5 ms-1. In addition to these
propagating ISO cases, observations also have identified intraseasonal oscillations of
tropical convection that are geographically stationary. These cases are referred to as
standing ISO or non-propagating ISO [e.g. Zhang and Hendon, 1997].
The ISO has many influences on weather and climate in the tropical and
extratropical regions. For example, it affects the generation of tropical cyclones in the
Pacific Ocean as well as in the Caribbean Sea [Liebmann et al., 1994; Nieto Ferreira
et al., 1996; Maloney and Hartmann, 2000; Hall et al., 2001; Higgins and Shi, 2001],
and also influences surface winds in the tropical Atlantic Ocean [Foltz and
McPhaden, 2004]. Convections in the ISO modulate the atmospheric and global
angular momentum [Langley et al., 1981; Gutzler and Ponte, 1990; Weickmann et al.,
1997] and the electric and magnetic fields of the earth [Anyamba et al., 2000]. In
addition, ISO would also affect the variations of rainfall over the Pacific islands,
including the west coast of North America [Mo and Higgins, 1998; Jones, 2000; bond
and Vecchi, 2003], and South America [Paegle et al., 2000; Liebmann et al., 2004],
and the monsoon regions in Asia [Lau and Chen, 1986; Sui and Lau, 1992; lawrence
and Webster, 2002], Australia [Hendon and Liebmann, 1990], and Africa [Matthews,
2004]. These previous studies showed that ISO is not an independent system, rather, it
connects to and influences many other weather and climate systems in the tropics.
Thus, a better understanding of the ISO would help improve our knowledge of the
circulation in tropical atmosphere, and prediction of tropical as well as global weather
and climate [Ferranti et al., 1990; Hendon et al., 2000; Jones and Schemm, 2000]
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As originally described in Madden and Julian [1971,1972], the intraseasonal
time-scale oscillations in zonal wind, moisture, convection, and precipitation in the
tropical Indian and western Pacific Ocean regions are groups of large-scale waves
propagating eastward at a phase speed ~5 ms-1. The frequency of the oscillations is
rather broad, however, yielding a wide range of periods from 30 to 60 days (some
even reported 90 days). Obsevations have found that the oscillations dissipate away
from the western tropical pacific in both zonal and meridional directions [Chang
1977; Hsu et al. 1990; Gustafson and Weare 2004a, 2004b], indicating some sources
of the oscillations confined in the tropical Indian and western Pacific region. The
causes and the maintenance of these oscillations still remain unclear, albeit many
possible mechanisms have been proposed and can explain certain features and aspects
of the oscillations [e.g., Lau and Peng 1987; Neelin et al. 1987; Emanuel 1987;
Chang and Lim 1988; Wang 1988; Blade and hartmann 1993; Hu and Randall 1994,
1995; Woolnough et al. 2000; Raymond 2001; Stephens et al. 2004]. It is expected
that if we can identify the source regions of these ISO we may collect and examine
the data within the source regions. From examing the source properties we may
identify dynamic and thermodynamic processes initiating and nurturing the
development of the intraseasonal oscillations. While understanding these oscillations
we may also apply these processes in predictions of the oscillations and their effects
on tropical weather and subtropical and midlatitude monsoons.

1.2 Observed ISO characteristics
In Madden and Julian’s work [Madden and Julian, 1971, 1972], the key
characteristic of an ISO event is a large-scale strong convection and precipitation
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center moving eastward with anomalously strong westerly in the lower troposphere
(especially at 850hPa) to the west of the convection and easterly to the east of the
convection center. Reversed wind anomalies are shown in the upper troposphere (e.g.,
200hPa). There are variations of this relationship between convection and wind
anomalies. The ISO in the tropical Indian Ocean often has its convection center in the
middle of surface westerly and easterly anomalies; the ISO in the western tropical
Pacific Ocean often has its convection center over the westerly wind anomalies
[Knutson and Weickmann, 1987; Rui and Wang, 1990; Hendon and Salby, 1994;
Sperber, 2003; Zhang and Anderson, 2003]. Some other observations also have
suggested this existence of intraseasonal oscillations in convection [e.g. Lau and
Chan, 1985; Hsu et al., 1990; Weickmann and Khalsa, 1990; Zhu and Wang, 1993;
Hsu, 1996]. Wheeler and Hendon [2004] further showed that in most cases only one
developed ISO event could occur at a time, while sometimes two weak ISO
convection centers along with weak circulations may co-exist with one being initiated
in the tropical Indian Ocean and the other being decaying in the tropical western
Pacific Ocean. Rui and Wang [Rui and Wang, 1990] showed that a typical zonal scale
of an ISO event measured by cloud cover is around 12,000 to 20,000 km. The zonal
extent of convective area of an ISO is much smaller than that of circulation anomalies
generated by the convection. Time-space power spectra analyses have revealed that
the zonal wind anomalies associated with an ISO has a zonal wave number 1 structure
and a zonal wave number 1-3 structure for precipitation anomalies [Xie and Arkin,
1997]. These features make the ISO more like an isolated or pulse event than a
continuous wave along the tropics [e.g. Yano et al., 2004].
A majority of the ISO propagates eastward [e.g. Madden and Julian, 1971 and
1972; Hayashi, 1979; Weickmann et al., 1985; Lin and Johnson, 1996a and 1996b].
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The average eastward propagation phase speed is 5 ms-1, and the actual phase speed
varies among individual events and during different stages of the life cycle of a given
event [Hendon and Salby, 1994]. Some observations suggest that the propagation
speed of the ISO also depends on the time mean moist stability [Lau and Peng, 1987;
Wang 1988a] and gross moist stability [Neelin and Yu, 1994]. Observations also
revealed that precipitation and atmospheric water vapor, as shown in the outgoing
longwave radiation (OLR), and temperature, divergence and diabatic heating can
describe large-scale ISO convection and associated winds [Chen and Yen, 1991;
Hendon and Salby, 1994; Lin and Johnson, 1996a, 1996b; Mote et al., 2000;
Kemball-Cook and Weare, 2001; Myers and Waliser, 2003; Weare, 2003; Lin et al.,
2004]. For example, to the east of the ISO convection center are low-level
convergence, ascending motions, and positive anomalies in humidity. To the west of
the ISO center are low-level divergence, descending motions, and negative anomalies
in humidity. These fields also show that the ISO vertical structure has a zonal
asymmetry and westward tilt with respect to the convection center [Sperber 2003;
Kiladis et al., 2005].
Beside eastward propagating ISO events, there are ISO events propagating
westward, or northward, and events oscillating at fixed locations (i.e., standing ISO).
Westward and northward propagating ISO events usually occur in the off-equatorial
regions during boreal summer. Previous observations show that this westward and
northward movement is often related to northern summer monsoon and the El Niño
[e.g. Hsu et al., 1990; Levey and Jury, 1996; Wang and Xie, 1997; Wang and Xu,
1997; Straub and Kiladis, 2003; Teng and Wang, 2003; Shibagaki, 2006].
Standing ISO is an important group of ISO [e.g., Lau and Chan 1985; Hsu et
al. 1990; Weickmann and Khalsa 1990; Zhu and Wang 1993], and has been
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documented in observations [e.g. Rui and Wang, 1990; Zhang and Hendon, 1997].
The standing ISO may occur in tropical and extratropical region, in the Indian Ocean,
maritime continent, the Pacific Ocean, and even the Atlantic Ocean [Park and
Schubert, 1993]. The revelation of non-propagating ISO also has introduced a set of
questions regarding the differences of the structures and developing mechanisms
(environmental conditions) between the standing ISO and the propagating ones. Hsu
[1996] pointed out that propagating oscillations could be the direct response to the
tropical heating, while the standing oscillations are the mixed results of direct
response to the tropical heating and internal dynamics in the extratropics.
Another characteristic of the ISO is that the ISO has strong geographic
dependency: warm sea surface temperatures (SST) would favor development of the
ISO through convective instability [Hsu and Lee, 2005], so the ISO are most
significant over the “warm pool” region in the tropical Indian and western Pacific
Oceans. Large land areas, such as the Central America and the tropical Africa, might
restrain the scale of convection so that the ISO signal is usually much weaker when it
crosses large land areas along the tropics [e.g. Weickmann and Khalsa, 1990]. Three
possible reasons are suggested to account for this geographic dependency [Salby and
Hendon, 1994; Wang and Li, 1994; Zhang and Hendon, 1997; Maloney and Sobel,
2004]: (1) “the strong diurnal cycle in convection due to diurnal heating over land
tends to compete with the ISO for moisture and energy”; (2) “topography interferes
with low-level moisture convergence believed to be crucial to the ISO”; and (3)
“surface evaporation, another possible crucial factor for the ISO, is severely reduced
over land.”
ISO also shows strong seasonal cycle in both its strength and latitudinal
extension [Madden, 1986; Gutzler and Madden, 1989; Salby and Hendon, 1994;
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Zhang and Dong, 2004]. For example, the ISO peak season is austral summer or fall
when the strongest ISO signals, which are related to the Australian summer monsoon,
are immediately south of the equator [Hendon and Liebmann, 1990], and a secondary
peak season is boreal summer when the strongest ISO signals, which are related to the
Asian monsoon, are north of the equator [Lawrence and Webster, 2002]. In the aspect
of migration in latitude, ISO is much stronger in the tropical western Pacific Ocean
than in the tropical Indian Ocean [Zhang and Dong, 2004]. Also, the seasonal cycle
of the ISO shows a single peak in austral summer or fall in a narrow latitudinal band
of 5oS-5oN. In addition, a separated ISO peak only exists in the tropical eastern
Pacific Ocean in boreal summer [Kayano and Kousky, 1998; Maloney and Kiehl,
2002].

1.3 ISO mechanisms
Since discovery of the ISO in the 1970s, two schools of thoughts have been
developed to interpret development of the ISO. These thoughts, although not fully
accounting for the ISO, shed light on physical processes that may have contributed to
the initiation, development, and dissipation of the ISO.

1.3.1 Dynamic mechanisms
In the 1980’s, with the rapid development on general circulation models
(GCMs), some ISO features, such as strong convection and eastward propagation of
the ISO waves, had been successfully simulated in specific model settings [e.g.
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Hayashi and Sumi, 1986; Lau and Lau, 1986]. Based on the modeling results, a
number of ISO dynamic mechanisms were suggested in the mid-1980s.
One of these mechanisms is called wave-CISK mechanism (CISK stands for
Convective Instability of the Second Kind) [Lau and Peng, 1987]. In their work, Lau
and Peng suggested that the eastward propagation of the intraseasonal oscillation in
the tropical atmosphere is an intrinsic mode of the atmosphere resulting from an
interaction of convection and the Kelvin waves. Another ISO dynamic mechanism is
the wind-evaporation feedback or wind-induced surface heat exchange (WISHE) by
Neelin et al. [1987] and Emanuel [1987]. This mechanism pointed out the importance
of an instability driven by wind-induced asymmetric surface latent heat flux in
producing and sustaining the ISO. One other ISO dynamic mechanism is proposed by
Wang [1988a], which is called frictional convergence feedback. Based on the
interaction of convective heating and large-scale convergence, Wang suggested that
ISO can be initiated and driven by an instability arising from boundary layer frictioninduced moisture-convergence.

1.3.2 Thermodynamic mechanisms
Parallel with the ISO dynamic mechanisms, thermodynamic processes have
also been recognized and considered in initiating and sustaining the ISO. Among
these thermodynamic mechanisms are two main ideas: water vapor accumulation
[Blade and Hartmann, 1993] and radiation-convection feedback [Hu and Randall,
1994 & 1995]. Blade and Hartmann’s experiment [1993] suggested a mechanism for
setting the intraseasonal time scale of the oscillation, different from that determined
by wave propagation around the Equator. Meanwhile, the “recharge-discharge” theory
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of Hu and Randall [1994, 1995] showed that the 40-day recurrence period of the ISO
in the tropical atmosphere is set by the growth and development of convective
instability and by the recharge process of the instability. Using various single-column
radiative-convective models, Hu and Randall [1994, 1995] showed that the nonlinear
interactions among radiation, convection, and surface fluxes of moisture and sensible
heat can result in a non-propagating intraseasonal oscillation.

1.4 Current problems about ISO mechanisms and purpose
for this research
Although we have achieved a lot in both the ISO characteristics and
mechanisms for the development of the ISO, the core issue of how individual and
particular ISO develops has not been fully understood. Prior observations [e.g. Rui
and Wang, 1990; Hsu, 1996; Zhang and Hendon, 1997] showed that actual ISO is
such a complex system which may propagate in wave patterns or just oscillate in
specific regions. These different ISO events cannot be explained by the general
thermodynamic or dynamic mechanism. Moreover, different ISO events are generated
in different longitudes, albeit the equatorial region from the Indian to west Pacific
Ocean is most favorable for ISO development. These different ISO events arising in
different environments differ in their structures and propagation. Some recent works
by Kiladis et al. [2005] for example have suggested that the ISOs developed over the
tropical Indian Ocean and tropical western Pacific Ocean would have different zonal
and vertical structures. These differences have not been well understood.
Furthermore, how these differences may be affecting the propagation of the ISO
remains unknown. To improve our understanding of the ISO and their propagation,
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we need to identify the environment, or the source regions, where these ISO were
born, and the conditions that favor for either propagating or non-propagating ISO.
Only with such understanding can we predict the development and impact of the ISO
in the tropical atmosphere. A goal of this research is to develop such understanding
from examining ISO events in the last 30 years.

1.5 Organization of this study
In the next chapter, we will develop a numerical technique called “fixed
beamformer” and examine it before use. This technique is applied to detect the source
regions of both propagating and non-propagating ISO in the tropical atmosphere. The
results are described in Chapter 3. In Chapter 4, we will investigate the differences of
the source regions for propagating and non-propagating ISO events, examining their
vertical and horizontal structures. Based on these results we will propose possible
mechanisms essential to developing these two kinds of ISO. Chapter 5 contains
conclusions of this study and also suggestions for future work.
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Chapter 2

2 The fixed beamformer

In order to identify the source region of an ISO event, we use the “fixed
beamformer” technique on interpolated data grids of observational data. Digital
beamforming techniques were first introduced in 1970s and were widely used,
especially in electronic fields, to achieve the goal of “spatial filtering” to retrieve
desired signals [e.g. Griffiths et. al., 1973; Gabriel, 1976; Monzingo and Miller,
1980; Hudson, 1981; Haykin, et al. 1985; Marr, 1986; Compton. 1988]. The
application of beamforming in atmospheric studies still remains low. One application
was in 2004, when Cheong et al. [2004] applied coherent radar imaging (CRI), a
basic beamforming process, to create images of three-dimensional wind structure
from atmospheric Doppler radars. Cheong et al.’s research revealed the potential of
beamforming technique in identifying source regions of signals of atmospheric waves
and oscillations.
Because there are few beamformer applications in atmospheric studies, it is
necessary to describe this method and to show how it may be applied to detect ISO
source regions in the tropical atmosphere. In the following, we will first describe a
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fixed beamformer, and then test and evaluate it by using both single and complex
distributed wave sources of known properties to show the capacity of this fixed
beamformer.

2.1 Theory
A beamformer is a processor providing a versatile form of spatial filtering
[van Veen and Buckley, 1988]. It contains an array of sensors which collect signals of
propagating waves (in terms of their reflection in wind anomalies) and then can be
used to determine the incoming direction of a specific signal or signals of certain
frequency bands. The “Fixed Beamformer” is a data independent and robust
beamformer. It performs spatial filtering by separating signals that have overlapping
frequencies but are generated at different locations. This capacity is particularly
important to detect source regions of tropical ISO waves because those waves are
usually generated by sources with slightly different frequencies. This is the main
reason we select the fixed beamforming technique in this study.
The spatial filtering process of a fixed beamformer is shown in Figure 1 (refer
to appendices, same to all remaining figures). A spatial signal, x(t), where t is the time
index, consisting of different frequency waves generated by sources at different
locations, is “captured” by one of the sensors in the fixed beamformer. These sensors
are the components of the beamformer. Because they are placed at different locations
in the array they will capture the signals at slightly different time, depending on the
signals’ traveling speed and source location. For example, sensors closer to a source
would receive the signal earlier than the sensors farther away from the source. From
the differentials of such lags in time among the sensors when they receive a specific
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signal, the direction of the source releasing this signal at a specified frequency, or a
band of it, can be identified. This process can be performed after moving the array of
sensors to different locations and “tracing” and eventually “pinning” the location of a
particular source of the waves-signals [van Veen and Buckley, 1988].
The output of the fixed beamformer at time, t, is a linear combination of the
data collected by the sensors at t,
J

r r
y (t ) = ∑ w∗j x j (t ) ,

(1)

j =1

r
where J is the number of sensors in the beamformer, w is a weight vector and the

r
asterisk indicates its complex conjugate, and x (t ) is the data series from the sensor
array. It is conventional in beamforming that we multiply the data, x(t), by conjugates
r
of the weights, w* , to simplify notation. It is noted that “the data and weights are
complex since in many applications a quadrature receiver is used at each sensor to
generate in phase and quadrature data” [van Veen and Buckley, 1988].
For observed data x(t) of real numbers, a Hilbert Transform can be applied to
convert x(t) to be complex or analytic data which will be used in Eq. (1). This
transform has three steps [Marple, 1999]:
(1) Apply the Discrete-Time Fourier Transform (DTFT) to the data series:
N

x ( k ) = ∑ x(t ) × e ( − i 2π )(t −1)( k −1) / N ,

(2)

t =1

where m is the data sequence, k=1, 2, … N, N is the total number of time samples, and

i = −1 ;
(2) Apply an N-point one-sided discrete-time signal transform:
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for
k =1
 x(1)
2 x ( k )
for
2 ≤ k ≤ N /2

z (k ) = 
for
k = N / 2 +1
 x( N / 2 + 1)
0
for
N /2+2 ≤ k ≤ N

.

(3)

This step is necessary to limit the signal frequency to be larger than zero, i.e.,
resulting at signals with one-sided propagating spectrum at a time.
(3) Apply the Inverse DTFT (IDTFT):

x c (t ) =

1
N

N

∑ z (k ) × e

( i 2π )( t −1)( k −1) / N

.

(4)

k =1

After this step, the analytic (complex) data series, xc(t), t=1, 2, …, N, are generated
from the original real observation, x(t), and can be used in (1).

2.2 Weight vector design
One essential part in constructing the fixed beamformer is designing the
r
weight vector w in (1). Not like other beamforming methods, such as adaptive
beamformer, the weight vector design of the fixed beamformer is input-dataindependent, which made it more convenient. In our fixed beamformer, the elements
r
of w are typically designed to create constructive interference at a particular angle
because our intension is to figure out the incoming direction of the signals/waves with
concerned wave band. For plane wave signals such as horizontal ISO waves in the
r
tropical atmosphere, weight vector w has the form:
r r
r r
r r
r
iΛ⋅DJ T
iΛ⋅D1
iΛ⋅D2
w = [e , e
, ... , e
] .

(5)

r 2π r
r
In (5), T represents transpose, Λ =
[l cos ϕ , m sin ϕ ] in which λ is the wavelength

λ

r
v
r
of the signal of interest, and Dk (k=1, 2, …, J) are the position vectors, ( xl + ym ),
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between the coordinate origin and the kth sensor (receiver) of the fixed beamformer,

r
and ϕ is the arrival angle of the signal of interest. In describing the position, l is the

r
unit vector in the east-west direction and m the unit vector in the north-south
direction.
In this study, a two-dimensional fixed beamformer with an array of 3 by 3
sensors is designed to detect the ISO source regions in tropical atmosphere in
individual ISO events. Figure 2 shows the structure of this fixed beamformer. The
distance between any two adjacent sensors is the same and denoted as ∆x and ∆y, thus

∆x=∆y. To determined Dk in (5) and the weights of the beamformer, we make the
sensor at the center of the 3 by 3 array the anchor point (i.e., the origin), and specify
its position as (l, m). Accordingly, the position of the neighboring sensors can be
specified relative to this origin as shown in Figure 2. Relative to the time when sensor
(l, m) receives the desired signal there will be time differences, either advanced or
lagged, between times when the neighboring sensors receive the same signal.
Referring to Figure 2, we can define these differences by (note that the position vector

v
v
in the previous Dk now takes the component form of Dl , m ):
v
v
r
Dl ,m = ∆x[l (−l ), m(− m)]

l , m = −1,0,1

(6)

Applying (6) to (5), we obtain the weight vector, as a function of angle ϕ , of this
two-dimension 9-sensor fixed beamformer:

i 2π∆x
v r


[(−1) cos ϕ + ( −1) sin ϕ ]}
 e iΛ⋅D1  exp{
λ
 iΛv ⋅Dr 2  

i
2
e

  exp{ π∆x [(−1) cos ϕ + (0) sin ϕ ]} 
r
 .  
λ

wH = 
=



.

 

 v. r  

e iΛ⋅D9  exp{ i 2π∆x [(+1) cos ϕ + ( +1) sin ϕ ]}




λ

(7)
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In (7), H represents Hermitian (complex conjugate) transpose.
Substituting (4) and (7) into (1), we get y(t) at each sensor for a wave coming
from any specific direction, ϕ (for that matter we may rewrite y(t) as y( ϕ , t)). By
sweeping the sensors around 360 degrees, i.e., changing ϕ from 0 to 360 degrees,
with a 5-degree increment, we can get 72 different y( ϕ , t) at each sensor at each time.
Using the power square root equation
2
1N
p(ϕ ) =  ∑ y (ϕ , t ) ,
 N  t =1

(8)

we obtain 72 different p( ϕ ) for desired signal coming from 0 to 360 degree at the
center of the sensor array. The value of p( ϕ ) will be largest only when ϕ is at the
angle that represents the best “phase delay” between the signal of interest and the
sensors.
By moving the beamformer through atmospheric data grid points in the study
domain, we will obtain estimates of the arrival direction of the dominant signal at
each grid point. Then by calculating the divergence of the signal across the study
domain we can detect the source location(s) of the desired signal. Regions and areas
of largest divergence are the source regions of the waves/signals.

2.3 Test of the fixed beamformer
To examine the applicability of the fixed beamformer designed in the previous
section to detect wave sources in the tropical atmosphere we used it to first detect
known wave sources generated by a simple device,

q( x, t ) = Aei ( sx−ωt ) .

(9)
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This is a generic solution of wave equation with an initial forcing. In (9), s is the wave
number, ω is frequency of the waves, and the amplitude, A, is determined by the
initial forcing. In this test, these parameters are determined based on studies of
mesoscale gravity waves of Zhang [2004] ，Wang and Zhang [2007] , and Lin and
Zhang [1998] , and take the values of s= π / 144 , ω= π / 2 (hr-1), and A=10hPa. With
these values we apply (9) to a 201×201 grid system with equal space of 10km
between neighboring grids in the north-south and the east-west directions to generate
wave signals (Figure 3 upper). This size of the grid system, is not necessary 201×201,
but is required to have enough samples to show the test results, and the space of
neighboring grid points, 10km, is designed by the wavelength of the signal being
tested, say, should be less than 1/3 of the wavelength, which is 288km in this case.
The initial wave source is placed at various locations in the grid domain, and after the
waves are generated the 3×3 fixed beamformer is apply to detect the wave source.
The beamformer detected wave source is then compared to the source location.
Results of these tests are presented in Figure 3 (bottom), clearly showing that
the fixed beamformer has captured the sources where the waves are released. These
test results assure that the designed fixed beamformer can describe unambiguously the
source regions of waves in the atmosphere when data resolutions are adequate.
Because the first purpose of this study is to detect the source regions of
tropical ISO, which may have varying frequencies from multiple convective bodies
clustered together or close to each other [Madden and Julian, 1972] , an additional test
is designed to further evalutate this method for its capacity to locate such multiple
sources of variations. In this test, a complex and distributed source of waves of
slightly different frequencies is placed over a triangular shape, which would roughly
mimic the forcing of the coupled Rossby-Kelvin wave shape of the Madden-Julian
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oscillation in the tropical atmosphere. This particular wave type has been suggested to
constitute large portions of the ISO[e.g. Lau and Peng, 1987] . Specifically, the three
wave sources are set at grid points A={0,0}, B={10,0}, and C={7,10} in a domain of
61*61 grid points of 100-km equal grid point spacing (Figure 4a). The frequency of
the waves released by source A, B and C are f A = 2π / 4h , f B = f A + ∆f , and

f c = f A − ∆f respectively. Here the value of ∆f is set from 0.01 f A to 0.05 f A with

0.01 f A increment in order to represent the slightly-different frequencies of waves
released by source A, B, and C. Waves from these sources have phase speeds of
20ms-1 and amplitude 1. In addition, random noise is added to each wave source to
include the effects of random processes that may interfere with the major wave (this
mimics the fact that the atmospheric wave measurements are usually generated in the
presence of noise or waves of different frequencies or origins). So

signals (total ) = signal (noise) + signal ( A) + signal ( B ) + signal (C )

(10)

In which, every term has real and image part. In the right of the equal mark, signals
from three different sources can be generated by (9) as we know their wave number
and frequencies. And through Hilbert Transform method we got the complex form
(include real and image part) of the signals from these three sources. The additive
white noise is generated randomly by a pseudorandom noise generator, which can be
described as:

signal (noise) = signal (noise _ real ) + signal (noise _ imag )
= Re(noise) + Im(noise)

(11)

= σ Re(random _ noise) + σ Im(random _ noise)
where Re and Im are real and imaginary parts of the complex random noise, and
“random_noise” is a standard-distributed-random-numbers generator, At each time
step, Re(random_noise) and Im(random_noise) are generated by the same generator
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but result in different values (random-number generator characteristic). Both of these
random numbers have zero mean and variance 1. Re(noise) and Im(noise) are
independent normal random variables, both of them have normal distributions of zero
mean and variance σ 2 . The intensity of the signal is controlled by the signal-to-noise
ratio (SNR), i.e. SNR = Ps / Pn . Where Ps is the total power from the signals of three
sources and Pn is the power from the signal of the random noise. When we use “db”
as the unit of SNR, we have
SNR(db) = 10 lg( Ps / Pn )

(12)

In which Ps = nn × (1 / 2) p 2 , here nn=3 because the total number of sources is 3 in this
case, and p is the power determined from (8). Pn = σ 2 is for both real and image
components.
In order to clearly deduce the three source locations and represent their power,
we calculated the divergence of the signal across the study domain using the
following centered differencing equation:

div =

∂u ∂v u ix +1, jy − u ix −1, jy vix , jy +1 − vix , jy −1
+
=
+
,
∂v ∂y
2∆x
2∆y

(13)

where

v
u ix +1, j = Pix ±1, jy cos ϕ

(14)

v
vix , jy ±1 = Pix , jy ±1 sin ϕ .

(15)

v
v
In the above, ix and jy specify the location of grid points, Pix ±1, jy ( Pix , jy ±1 ) are the
largest power square root of the signal received by the fixed beamformer, i.e., the
source location vector of the dominant signal at each grid point, and ϕ is the azimuth
of this direction. In (13), ∆x and ∆y are distance between adjacent grid points and
are equal. If div of (13) is larger than zero, it means the signal is moving away from
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the grid point. The grid points where div is the largest will be potential sources of the
signal of interest. More generally, regions and areas of large div are the source areas
of the signal.
Results from applying the fixed beamformer to this complex distributed source
of waves and noise show that for wide ranges of ∆f and SNR values among the
distributed sources, the general locations of these wave sources have been accurately
deduced by this method. Three representative results of these tests are illustrated in
Figure 3b~3d when ∆f = ±0.04 f A in f B and f C , and SNR=10dB, 20dB, and 40dB
respectively. The three source areas at {0,0}, {10,0}, and {7,10} are clearly identified
in these figures. The results also show an additional source area at the geometric
center of the three wave sources, where their waves collide. While this additional
source area indicates where the three waves strongly interact it may also indicate new
wave activities emerged from interferences of waves and noises from the three
original sources. This notion that new wave activities-centers emerge from the
interference of waves of strong convection in the tropical atmosphere requires further
evaluation from observations. Although this test result indicates that the fixed
beamformer can detect, in addition to the original wave sources, it further confirms
the capacity of this fixed beamfoming technique to deduce from noisy data the source
regions of wave activities in a complex source environment.
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Chapter 3

3 Applications of the fixed beamforming
technique: Detecting source regions of
tropical ISO

3.1 Data and method
After the fixed beamforming technique was evaluated and tested using the
known wave sources of various complexities, it was applied to identify source regions
of ISO in the tropical Indian and Pacific Oceans. The data sets used in this study for
detecting the souce regions of ISO in tropical atmosphere are described as follows:
(1) Reanalysis daily dataset from European Center for Medium Range
Weather Forecasting (ECMWF) [e.g. Uppala and co-authors, 2005] .
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(2) National Oceanic and Atmopheric Administation-Cooperative Institute for
Research in Environmental Sciences (NOAA-CIRES) Climate Diagnostics Center
outgoing longwave radiation (OLR) daily dataset [Liebmann and Smith, 1996] .
The above datasets are daily datasets, both cover the whole globe and have the
same resolution of 2.5o×2.5o in longitude and latitude. The period in use is 29 years
from 1974 to 2002.
Zonal wind at 850hPa from (1) and OLR data from (2) were both applied in
the fixed beamformer to detect the ISO source regions, since either of them is not
sufficient to unambiguously detect ISO source independently.
Zonal wind at 850hPa is a good representative of low-level disturbances which
usually develop a few days before major convection in ISO events, when the upper
troposphere is still showing subsidence and cooling [e.g., Hu and Randall, 1997;
Kiladis et al., 2005] . Additionally, the zonal wind plays the dominant role in the low-

level convergence, whereas the meridional wind perturbations play a noticeable role
only after the peak convection and when the westerly wind anomaly appears or
strengthens [Houze et al., 2000; Tung and Yanai, 2002a and 2002b] . Thus, 850hPa
zonal wind is a relevant and informative variable to use and detect early development
of convection and wave activities in the sources regions of ISO.
Some of these early wave activities may develop into full-scale supercloud
clusters in ISO. As shown in Kiladis et al. [2005] , in such development the
atmospheric boundary layer is further destabilized to enhance fluxes of energy and
form the warm ocean surface to the atmosphere. Subsequently, convection intensifies
considerably to produce strong vertical motion and release latent heat in the upper
troposphere. The deep convection can be depicted by very low OLR. Thus, OLR
anomaly is a proper index to describe convection development and can be used with
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the 850hPa zonal wind anomalies to identify the development and hence the source
regions of ISO.
There will be spatial as well as temporal differences between the OLR
identified ISO region and that detected by 850hPa zonal wind, however. They arise
because of the vertical tilt of deep convection due to vertical shear of the zonal winds
and vertical transport of horizontal momentum in deep convection. Moreover, the
OLR is a parameter showing the outcome/consequence of complex processes in the
development of ISO whereas the 850hPa zonal wind is a variable describing these
processes. Some of ISO signals in 850hPa zonal wind may not develop into full scale
ISO in a later time, thus being absent in OLR variations. These differences may also
cause some discrepancies between the ISO regions detected using 850hPa zonal wind
or using the OLR. Nonetheless, because all the developed ISO shall have selfconsistent anomalies in both the lower and upper troposphere averaged over their life
cycles, ISO source regions in 850hPa zonal winds shall have corresponding
indications of such regions in deep convection and OLR. They will confirm ISO
regions.
In order to obtain the 30-60 day intraseasonal signals for our analysis, a bandpass filter is necessary to approach this goal. We use the lanczos band-pass filter to
isolate the intraseasonal variations of 850hPa zonal wind and OLR data. According to
Duchon [1979] , the minimum number of weights in Lanczos filter, NC, is determined
from NC ≥ 1.3 × (TCB − TCE ) , where TCE and TCB are the cut-off period in the high
end and low end of the frequency spectrum, respectively. We used TCE=30 days and
TCB=60 days in order to obtain a close to 1.0 response for the specified frequency

band and also to reduce the edge effects on the filtered signals from the wings of the
response function. With these considerations NC=59. It is necessary to point out that
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although the filtered OLR and low-level wind data contain intraseasonal waves of a
range of frequencies, the source regions of these waves can be deduced by the fixed
beamforming technique, as illustrated in its simulation with the complex distributed
source in 4b~4d.

3.2 ISO source regions identified by the fixed beamformer
From the large volume of daily data of the 29 yr (1974-2002) we first
inspected annual time-longitude (Hovmöller) diagrams of filtered 850-hPa zonal
winds averaged from 10oS to 10oN and from the tropical Indian to the tropical Pacific
Ocean (from 40oE to 80oW), where the ISO is most prominent. This inspection helped
identify the major ISO events. These events satisfy the criterion that there were at
least two complete identifiable cycles of intraseasonal variations. We used this
criterion because there were many individual cases in wind and OLR variations that
appeared having some features of intraseasonal oscillation but only persisted for a
period of 20~30 days, showing no oscillations. These cases were excluded from
further analysis.
Our inspection showed that, in the 29-year data, there are 10 ISO events
satisfying the previous criterion, and they contain eastward propagating ISO events
and non-propagating (stationary) events. Large portion (7 of 10) of the ISO events are
propagating events which are mostly active over an east-west band from tropical
Indian Ocean through tropical Pacific Ocean, while one exception is the case in 1980
that is just active over maritime continent through tropical Pacific Ocean. Nonpropagating ISO events are small part (3 of 10) of all ISO events we found. Although
they are also active over tropical Indian Ocean and/or tropical Pacific Ocean, the most
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different feature between eastward propagating ISO events and non-propagating ISO
events is that the convective centers of the latter are just locally oscillating, showing
no/few interaction with each other.

3.2.1 Propagating ISO events over tropical Indian Ocean
and tropical Pacific Ocean
The 6 propagating ISO events over both tropical Indian Ocean and tropical
Pacific Ocean occurred from 21 March to 31 May 1974, 21 September 1976 to 10
January 1977, 1 April to 31 May 1982, 1 January to 31 March 1988, and from 1
December 1991 to 10 February 1992, and 1 November 1994 to 31 January 1995. As
an example, Figure 5a and 5c show the time-longitude diagrams of 850-hPa zonal
wind and OLR for the event from September 1976 to March 1977. The 850-hPa zonal
wind and OLR anomalies in Figs. 5a and 5c have similar features. Centers of
anomalies in the low-level wind and OLR propagated eastward after emerging in the
tropical Indian Ocean. Additionally, the anomalies alternated, forming nearly two
complete cycles of intraseasonal variation. Centers of peak anomalies in both 850-hPa
wind and OLR in the Indian and western tropical Pacific Ocean suggest alternations
of enhanced-weakened (or absence of) convection in those regions at intraseasonal
time scales. Moreover, these regions were shown to be confined in the equatorial
Indian and western Pacific Ocean region.
In detecting the source regions in this ISO event, we first estimated the
wavelength of the ISO using the filtered time-longitude diagram of the 850-hPa zonal
wind (Figure 5a). Because phase speed and period of the oscillations can be more
accurately estimated from the diagram, they were calculated and used to compute the
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wavelength from wavelength = phase speed × period. Albeit this estimation is not
very accurate, this is the only way to determine the wavelength associated with the
ISO. Using this method, we obtained the wavelength of 210o longitude for this case.
This wavelength suggests this case is a wavenumber 1 event. With this estimated
wavelength the fixed beamforming technique was applied through the tropical region
from 40oE to 80oW over the period of the observed life cycle of this event to detect
the source regions of ISO. These detected source regions from the 850-hPa wind and
OLR vatiations are shown in Figure 5b and 5d, respectively.
Inspecting the ISO source regions shown in Figs. 5b and 5d, we also find
similar patterns, a result supporting consisten features in both the wind and
convection vatiations for these developed ISO events. Figure 5b shows an east-west
belt of ISO source regions in the tropical Indian Ocean. There are also source reigons
over the Indonesian maritime region. In the western tropical Pacific, the sources are
shown embedded in two split bands, on along the South Pacific Convergence Zone
(SPCZ) and the other along the ITCZ north of the equator, and the latter is much
weaker than the former (in northern winter). In accordance, the source regions
detected in OLR in Figure 5d show a single belt of sources in the tropical Indian
Ocean and split bands of sources straddling the equator in the western and central
tropical Pacific.
It is important to show that the power square root p (ϕ ) [see Eq. (8)] plotted in
Figure 5e (U850) or 5f (OLR) from two sensor locations in the tropical Indian and
western Pacific Ocean region has a single peak in the power of the detected signal.
This indicates a unique direction from which the ISO waves are emanating. Thus,
from these sensor locations a unique source of the ISO can be detected and identified.
The same result also was found in many other sensor locations across the study
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region. This property demonstrates the ability of the fixed beamformer to uniquely
detect the source regions of waves-signals in this application.
A major difference between these ISO sources detected from OLR and the
850-hPa zonal wind variations is the slight shift of some of the source region
locations, although minor differences also are shown in intensities, particularly for the
sources embedded in the SPCZ. These differences could have occurred because of the
previously discussed differences in physical processes described by these two
variables and the fact that the OLR describes upper-tropospheric anomalies and the
850-hPa zonal wind represents the lower-tropospheric anomalies during ISO. Except
for these differences, the similar pattens in these results indicate consistent source
regions of ISO in the tropical Indian and western Pacific Ocean region.
Figure 6-9 show another four eastward propagating ISO events occurred in
1982, 1988, 1991-1992, and 1994-1995, respectively. The ISO event that occurred in
1974 is not shown here because the OLR data is missing in the NOAA official dataset.
These events also occurred over tropical Indian Ocean through tropical Pacific Ocean
((a) in Figure 6-9), the same as in the 1976 event. All these propagating ISO events
have at least 2 continiously deep convection cycles. Table 1 show some parameters of
these eastward propagating ISO events. The number of the ISO event days is an
accumulation of the days from the beginning till the end of the event; and one ISO
event cycle includes one active and depressed phase; ISO wavelength on the wind
data is calculated by the ISO propagating distance divided by the propagating time.
ISO Sources detected by the fixed beamformer for these four events are found
mostly over tropical Indian Ocean and tropical Pacific Ocean, although a mirror
difference of source location and intensity could occur between U850 and OLR for
each ISO events when comparing (b) and (d) in Figures 6, 7, 8, and 9. This is due to
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Table 1 Parameters of the eastward propagating ISO events
ISO event period
ISO event days
ISO event
ISO Wavelength
cycles

(o longitude)

1976.09.21~1977.01.10

112

3

210

1980.02.16~04.30

75

2

210

1982.04.01~05.31

61

2

240

1988.01.01~03.31

91

2

210

1991.12.01~1992.05.15

167

4

300

1994.11.01~1995.01.31

92

2

140

the different physical process of these two variables as described above. More
examinations found the 850-hPa zonal wind could propagate far more eastward than
the OLR would do, especially for ISO cases in 1982 and 1988 (compard (a) and (c) in
Figures 6 and 7 respectively). As a result, in middle tropical Pacific Ocean, the ISO
sources are much more intense in 850-hPa zonal wind ((b) in Figure 6 and 7) than in
OLR ((d) in Figure 6 and7). This fact that the zonal scale of the convective
component (OLR) is less than that of the circulation (wind) is coresponding to the
nature of atmospheric response to localized heating [Sably et al., 1994] . This result
coresponds to some other previous studies which show the signals in wind (e.g,
850hPa wind) would continue to propagate farther east as free while the convective
signals of the ISO (e.g. OLR) normally vanish in the eastern Pacific [Milliff and
Madden, 1996; Matthews, 2000] .

In addition to the events similar to those eastward-propagating ones shown in
Figure 5-9 there is an event in which ISO only originated in the western tropical
Pacific Ocean and propagated eastward. This event is very rare during the 29-year
dataset, and was identified from 16 February to 40 April 1980. Its time–longitude
diagrams of the filtered 850-hPa zonal wind and OLR variations are shown in Figs.
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10a and 10c, respectively, and their corresponding source regions of ISO detected by
the fixed beamforming technique are shown in Figs. 10b and 10d.
In Figs. 10a and 10c the anomalies in both the 850-hPa wind and OLR
originated in the Indonesian maritime region and west tropical Pacific Ocean,
particularly in the first cycle of the event, and propagated westward, In the second
cycle, starting in April 1980, the anomalies were initiated in a rather different source
region in the eastern tropical Indian Ocean and emanated eastward. The averaged
wavelength of the two cycles is 210o longitude, which means that it is a wavenumber
1 event. These sources of the ISO wave packets are shown in Figs. 10b and 10d,
which are strong in the western tropical Pacific region due to the higher SST there.

3.2.2 Non-propagating ISO events over tropical Indian
Ocean and/or tropical Pacific Ocean
Three additional events of ISO occurred from 1974 to 2002: 1 July-30
September 1981, 21 September-30 November 1985, and 1 March-31 May 1996,
respectively. These events share a feature of confined propagation: their life cycle was
started and completed within the tropical Indian or the western equatorial Pacific
region without any interaction and transportation. The event in 1996 is a good
representation of these events, and its time-longitude diagram of filtered 850-hPa
zonal wind and OLR variations and results from applications of the fixed
beamforming technique are shown in Figure 11.
In Figure 11a, although intraseasonal variations in the 850-hPa zonal wind in
the tropical Indian Ocean and western tropical Pacific region show some kind of
connection, the northwest-southeast orientation of the axis of the major wind
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anomalies in the western tropical Pacific suggest its variations were rather different
from that in the tropical Indian ocean region. These differences indicate the presence
of separate and local source regions that may have initiated and sustained such
different ISO signals in the tropical Indian and western Pacific Ocean region.
These separate sources of ISO are detected by the fixed beamforming
technique in both the low-level zonal wind and OLR, using an estimated wave span of
60 o longitude, and shown in Figs. 11b and 11d. Major sources detected from the wind
and OLR variations also are similar. Comparisons of these sources with the variations
in the wind and OLR anomalies in Figs. 11a and 11c indicate correspondence of the
ISO source regions to the centers of the intraseasonal variations in wind and OLR in
the tropical Indian and west pacific region.

Table 2 Parameters of the non-propagating ISO events
ISO event period
ISO event days
ISO event
ISO Wavelength (o
cycles

longitude)

1981.07.01~09.30

92

2

70

1985.09.21~11.30

71

2

110

1996.03.01~05.31

92

2.5

60

The other two non-propagating ISO events occurred in 1981 and 1985 are
shown in Figure 12 and Figure 13 respectively. Table two presents the parameters of
these non-propagating ISO events. The wavelengths of the non-propagating ISO
events are much less than those of the propagating ISO events. The same to the case
in 1996, the common feature of non-propagating ISO events is that the intraseasonal
cycles are completed within either tropical Indian Ocean or tropical Pacific Ocean,
although every event may have other specific feature. For example, while the ISO
activities in 1981 extend from tropical Indian Ocean to tropical Pacific Ocean, which
is presented in both 850-hPa zonal wind (Fig. 12a) and OLR (Fig. 12c), there is
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obviously sudden location shift, while not gradual propagation, for these activities
from tropical Indian Ocean to tropical Pacific Ocean, showing that it is a nonpropagating ISO event. Similar to the 1996 event, the 1985 ISO activities (Fig. 13a
and c) are confined in either tropical Indian Ocean or tropical Pacific Ocean, the
intraseasonal cycles have no interaction with each other, albeit there is some
difference of the locations of the strong 850-hPa zonal wind and OLR. The
occurrence of this situation is also due to the different physical process of these two
variables. Although every event has its own specific feature, all the non-propagating
ISO source regions detected by the fixed beamformer are matched with the
observation locations in both 850-hPa zonal wind and OLR field, i.e. strong source
region correspond to the strong wind or convection there.
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Chapter 4

4 Vertical and horizontal structures of the
tropical ISO source regions

4.1 Data and methodologies
After we obtained the source regions of both propagating and non-propagating
ISO, we examined their vertical and horizontal structures by using regression
analysis, which is a space-time filtering approach particularly suitable for examining
lagged signals in station data at a specific location. This regression analysis technique
is a common statistical approach used in many climate studies, and have been
described in details in some previous papers [e.g. Wheeler et al., 2000; Kiladis,
2005] . Applying this method on the ISO source regions, we can accurately describe

the differences between propagating and non-propagating ISO events during their
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evolution from initial, developing, mature, and then decay stage, thus deduce possible
mechanisms of these ISO, which is a main purpose of this study.
A perturbation of -10Wm-2 in 30~60-day-filtered OLR data was used as the
ISO index in the regression analysis. This perturbation is a typical value that
represents stronger convection during an ISO event. The dynamic and thermodynamic
fields were being regressed upon this ISO index to obtain a composite picture to show
the ISO evolution. The regression analysis is controlled by the following equation:

)
yˆ (i, j ) = a(i, j ) × x

(16)

where i and j indicate the location of each input and output variables. For an x-z plot, i
and j refer to longitude and levels respectively, while for a x-y plot, i and j refer to
longitude and latitude;
thermodynamic fields,
study.

a(i, j )

yˆ (i, j )
)
x

represents the regression results of each dynamic and

is the regression index which refers to -10Wm-2 in this

is a combined variable calculated by the following equation:
n

a(i, j ) =

n
1 n
x(k ) × y(i, j , k ) − × ∑ x(k ) × ∑ y (i, j, k )
∑
n k =1
k =1
k =1

1  n
(x(k )) − ×  ∑ x(k ) 
∑
n  k =1
k =1

n

2

2

in which k indicates a time period from day 1 to n that we are interested,

(17)

x(k ) is the

base point of the regression analysis, here represents the average OLR anomaly data
in the source region, and

y (i, j, k )

refers to every interested dynamic and

thermodynamic field that are going to be regressed.
In these regression analyses, the OLR data are from NOAA-CIRES
[Liebmann and Smith, 1996] and the data of the dynamic and thermodynamic fields,

which include surface evaporation, atmospheric temperature, specific humidity, zonal

34
wind, vertical velocity, and mass flux, are from the ECMWF dataset [e.g. Uppala and
co-authors, 2005] . These two data sets are both global daily data set that covers 29

years from 1974 to 2002, and have a horizontal resolution of 2.5 o×2.5 o. The dynamic
the thermodynamic fields from the ECMWF dataset have 15 levels in the vertical
direction. The relationships of these dynamic and thermodynamic variables would
exhibit processes that may have led to development of the propagating and nonpropagating ISO. Therefore, differences in space-time structures between these two
kinds of ISO revealed by the regression technique would help us understand how a
propagating or a non-propagating ISO may develop and why. In these analyses, we
focus on an equatorial region of 5oS~5oN, in which the ISO convective activities have
minimal difference during the year.

4.2. Vertical structures of propagating and non-propagating
ISO and their differences
Table 2 shows the source regions of the ISO where regression analyses are
performed to understand development of the ISO and the differences of the
propagating and non-propagating ISO events. In Table 2, the left two columns list the
propagating ISO events occurred during the 29-year study period from 1974 to 2002,
and the right two columns list the non-propagating ISO events. (In Table 2, a
propagating ISO case in 1974 was excluded because it has no adequate OLR data.)
These source regions were identified by the fixed beamformer described in Chapter 3.
They are within 5oS~5oN. We use these cases in our regression analysis for the reason
to develop composite structures of the ISO in zonal, longitude, and vertical directions.
These composites will assist us to understand the differences in dynamic and
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thermodynamic aspects between propagating and non-propagating ISO. When
comparing all propagating ISO cases shown in Figures 5-10 we find that they share a
common source region within longitude 80oE~100oE (also see Table 3, left two
columns). For the non-propagating ISO cases shown in Figure 11- 13, their source
regions are diverse along the longitude because of their standing features (also see
Table 3, right two columns).

Table 3 Source locations of propagating and non-propagating ISO cases
Propagating
Source locations
NonSource locations
ISO events

propagating
ISO events

1976.9.28-

(80oE~100oE,5oS~5oN)

1977.1.10
1980.2.16-

1981.7.1-

(80oE~100oE,5oS~5oN)

1981.9.30
(80oE~100oE,5oS~5oN)

1980.4.30

1985.9.21-

(65oE~80oE,5oS~5oN)

1985.11.30
(location A)

1982.4.1-

(80oE~100oE,5oS~5oN)

1982.5.31

1985.9.21-

(160oE~170oE,5oS~5oN)

1985.11.30
(location B)

1988.1.1-

(80oE~100oE,5oS~5oN)

1988.3.31

1996.3.1-

(80oE~100oE,5oS~5oN)

1996.5.31
(location A)

1991.12.1-

(80oE~100oE,5oS~5oN)

1992.2.10

1996.3.11996.5.31
(location B)

1994.11.1-

(80oE~100oE,5oS~5oN)

(140oE~160oE,5oS~5oN)

36
1995.1.31

4.2.1 Temporal variation of the vertical structure
In these source regions we first calculated the average values of dynamic (e.g.,
horizontal and vertical motion) and thermodynamic (e.g., temperature, humidity)
variables and performed regression analysis to construct the life cycle of each ISO
event in reference to the peak intensity condition of the event (see Kiladis et al. 2005).
Then, these individual events are composited to describe the dominant features during
the evolution of the ISO, both propagating event and non-propagating ones. Figures14
and 15 show evolutions of the propagating and non-propagating ISO, respectively.
Examining these results we can find some common features of both the propagating
(Fig. 14) and non-propagating (Fig. 15) ISO cases. These features include (1) before
the development of the ISO convection, there are anomalies in low level easterly wind
(Figs. 14d and 15d); (2) there is more moisture in the atmosphere before convection
starts (Figs. 14c and 15c); and (3) there is convergence in the lower troposphere
before major convection develops (Fig. 14d and 15d). All these features have been
observed in some previous studies and recommended as the necessary elements for
development of the ISO [e.g. Wang, 2006] .
In addition to these common features, we also find new differences in dynamic
and thermodynamic fields between propagating and non-propagating ISO cases
during their evolution:
(1) From variation in OLR anomalies which describe convection intensity
during ISO, we find that propagating ISO cases have a longer period than nonpropagating cases. The average period of the former is about 40 days, (Fig. 14a) and it
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is about 35 days for the latter (Fig. 15a). The shorter period (or slightly higher
frequency) of non-propagating ISO is also part of the reason that leads to a shorter
wavelength for waves generated by the ISO when compared to the propagating ISO
(see Tables 1 and 2).
(2) Before strong convection (negative OLR) develops (from day -15 to day 0),
temperature anomalies were positive at the middle level of the troposphere for
propagating ISO cases (Fig. 14b) but were negative for non-propagating ISO cases
(Fig. 15b). Positive temperature anomalies were largest on day 0 at the lower levels
and happened slightly before day 0 at the upper levels of the troposphere for the
propagating ISO cases (Fig. 14b). For the non-propagating ISO cases, the largest
positive temperature anomaly occurred after day 0 (Fig. 15b) at the lower level. These
differences in evolution of tropospheric temperature show that heating is not as
important to the development of convection in the non-propagating ISO cases as in
the propagating ISO cases. Because in the non-propagating ISO cases, the increasing
heating occurred after the strong convection built up, this made the heating more
likely a result of the convection other than the cause of it.
(3) Specific humidity anomalies, which represent the content of moisture
variation in the atmosphere, had a distinct wedge at 850hPa around day -15 for
propagating ISO cases (Fig. 14c) while it was at 925hPa around day -11~-12 for nonpropagating ISO (Fig. 15c); the center of the peak of moisture was at 700~750hPa for
propagating ISO cases around day -3 (Fig. 14c), while it was at 600~700hPa for nonpropagating ISO cases around the time of intense convection (day 0, Fig. 15c). This
“wedge” in Figs. 14 and 15 indicates development of moist air in different vertical
levels before the onset of intense convection in these ISO. Propagating ISO cases also
had more distinct westward tilt in the vertical direction in its moisture distribution
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than that of non-propagating ISO cases. Intense moisture anomalies (anomaly

≥0.7g/kg) occurred in smaller areas in non-propagating ISO cases than that in
propagating ISO cases, indicating that the environment was drier during the nonpropagating ISO cases than in propagating ISO cases.
(4) Lower-level convergence occurred at around day -15 for propagating ISO
cases (Fig. 14d), while around day -10 for non-propagating ISO cases (Fig. 15d), a
result consistent with (1) and suggesting that the non-propagating ISO has smaller
spatial scales or less organized in horizontal dimension.
(5)

Lower-level easterly anomalies occurred at around day -24 for

propagating ISO cases (Fig. 14d) and at around day -26 for non-propagating ISO
cases (Fig. 15d); Lower-level zonal wind switched from easterly anomalies to
westerly anomalies before strong convection at around day -6 for non-propagating
ISO cases (Fig. 15d). This change occurred around day 0 for propagating ISO cases
(Fig. 14d). Propagating ISO cases had more westward tilt in the vertical direction of
the wind fields than non-propagating ISO cases, similar to that in moisture profile (3).
Further comparisons of the dynamic and thermodynamic fields of propagating
(Fig. 14) and non-propagating ISO cases (Fig. 15) showed more differences between
them. For the propagating ISO cases, both temperature and moisture fields were in
phase. Their anomalies occurred the same time especially in the low levels.
Temperature anomalies in lower and mid-high (300~500hPa) troposphere showed
similar and in-phase variations; surface evaporation was also in-phase with the
moisture variation in the atmosphere. Strong low-level convergence developed before
moisture anomalies reached peak magnitude. For the non-propagating ISO cases,
positive temperature anomalies developed (day -5) about 5 days after positive
moisture anomalies (day -10). Temperature anomalies showed warming in low levels
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and cooling aloft (middle level). Surface evaporation was somewhat consistent with
moisture fluctuation in the atmosphere; low levels were also moistened (day -11)
before convection (day -10) and OLR (day -10) change. Strong convergence in low
levels also started on day -10, and may have caused strong convection. Positive
temperature anomalies peaked 5 days after the lowest OLR (day 0).
To be more quantitative for these differences between propagating and nonpropagating ISO cases, we calculated their differences in specific variables by
subtracting the values for non-propagating ISO from the propagating ISO cases.
Results are plotted in Fig. 16 and shows that propagating ISO cases were stronger
than non-propagating ISO cases in all anomalies of dynamic and thermodynamic
fields during the developing stage. From day -15 to day 0, propagating ISO cases had
more surface evaporation and stronger convection (negative OLR) (Fig. 16a), more
heating in the atmosphere (Fig. 16b), more moisture (Fig. 16c), more lower-level
convergence and upward motion and also stronger easterly anomalies (Fig. 16d),
when comparing to the non-propagating ISO cases. These differences shown in Fig.
16 also indicate shorter life cycle of the non-propagating ISO than the propagating
ones.

4.2.2 Longitude-vertical structure
In order to examine the environment around the source regions of the
propagating and non-propagating ISO, we extended the regression analysis to a wide
longitude region from 40oE~80oW, which covers most areas for the ISO activities.
The ISO environment is important to its initiation and evolution, because ISO is never
an independent system and it is intimately related to its environment and disturbances
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in or passing through it. By investigating the environment in which ISO developed,
we can find answers to these questions: (1) Are propagating ISO cases more
thermally-driven and non-propagating ISO cases more moisture-driven? (2) Why are
all thermodynamic and dynamic fields stronger in propagating ISO cases? (3) Why is
the environment wetter and warmer during the developing of propagating ISO than
the environment for the non-propagating ISO? (4) What may have caused these
differences? (5) Is it possible that the sources of the moisture and heat for these two
kinds of ISO are different? If yes, where do the anomalies originate?
Figure 17 shows the longitude-vertical diagrams of the regression analysis on
an average equatorial band of 5ºS~5ºN from the Indian to the Pacific Ocean (40ºE to
80ºW) for all the propagating ISO cases. These longitudinal variations help us to
understand the zonal movement of the ISO, especially the evolution of those key
variables for the ISO development. From the panels in Fig. 17, we can see that for the
propagating ISO, on day -20 positive surface evaporation (Fig. 17a1) and moisture
anomalies (Fig. 17a3) had already presented in the west of the source region of
80ºE~100ºE. The temperature anomalies at the middle level over the source region
had a small and week positive center (Fig. 17a2). Meanwhile, there was a strong
warming in the upper troposphere tilted upward to the east into the stratosphere.
Another weak warm area occurred between 850-1000hPa in the west of the source
region. At this time the source region was still relatively dry and with higher pressure.
Convection was suppressed (positive OLR, Fig. 17a1), and downward motion and
divergence were strong in the lower troposphere (Fig. 17a4). On day -15, this
structure further developed and moved eastward by 5 degrees (Fig. 17b). One thing
worthy to notice is that the warming area in the upper troposphere also spread
downward to join the center of warming at the middle level while the system was
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moving eastward. With this development, the low-level was also moistening and lowlevel divergence and associated downward motion in the source region weakened
(Fig. 17b3 and 17b4). From day -10 to -5, the joint warming center in the mid
troposphere continued to strengthen and spread downward (Fig. 17c2 and 17d2). The
moistening also strengthened in the lower troposphere, reaching peak over the source
region (Fig. 17c3 and 17d3). On day -10, the downward motion in the early stage
reversed to be upward motion while easterly anomalies developed (Fig. 17d4),
initiating convection (as shown in negative OLR anomalies, Fig. 17d1). The
convergence along with the easterly anomalies and upward motion also enhanced
over the source region during this period (Fig. 17c4 and 17d4). On day 0, convection
reached peak intensity (Fig. 17e1) with strong upward motion (Fig. 17e4) and low-tomiddle level convergence (Fig. 17e4) in the source region. The warming area (Fig.
17e2) extended from upper-to-middle troposphere to the lower troposphere. Positive
moisture anomalies intensified in the lower and middle troposphere (Fig. 17e3). After
day 0, the envelope of the dynamic and thermodynamic fields of the ISO continued
moving eastward and began to weaken with time. These ISO fields usually decayed to
vanish when they propagated across the Dateline after day 20, partially because of the
cooler sea surface temperatures which cannot support the ISO energy requirement
[e.g. Maloney and Kiehl, 2002; Zhang and Gottschalck, 2002] .

For the non-propagating ISO cases, because they had stationary source regions
which were in different longitude areas and because of their fewer cases we have not
been able to combine them and develop their composite life cycle. Instead, we use one
non-propagating case which occurred in 1996 from March to May to demonstrate the
structure and it evolution for the stationary ISO and compare them with that for the
propagating ISO case. The reason we choose this case as a representative of non-
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propagating ISO cases is that it not only has all common features of non-propagating
case but also occurred in the same source area in (80ºE~100ºE, 5ºS-5ºN) where most
of the propagating ISO cases developed and studied. This feature makes it more
relevant to compare this stationary case with the propagating cases to and acquire and
understand their differences in initiation and development.
Figure 18 shows the zonal and vertical structures of the regression analysis for
the 1996 non-propagating ISO case. The analysis was made for (5ºS~5ºN, 40ºE~80ºW)
which is the same area of the propagating ISO previously discussed. We can see in
Fig. 18 that on day -20, there were a weak warming center over and to the east of the
source region in the lower and middle troposphere (Fig. 18a2) and a moistening area
in the west of 60E (Fig. 18a3). These two anomalies, unlike those in the propagating
ISO cases, had no contribution to the development of the 1996 non-propagating ISO,
because they were stationary or moving westward when compared on the day -15
(Fig. 18b2 and Fig. 18b3). The increased surface evaporation (Fig. 18b1) over the
source region was due to the enhanced low-level easterly (Fig. 18b4), which
developed with simultaneous changes from the previous downward motion on day -20
to an upward motion (Fig. 18a4). We note that the high pressure system producing the
downward motion before the ISO in this non-propagating case was not clearly defined
as in the case for the propagating ISO. This lack of a well defined large-scale pressure
system before the ISO developed led to a rather chaotic convergence/divergence
pattern in the source region for the non-propagating ISO (Fig. 18b4). On day -10, on
top of the above two warming and moistening centers in the west of the source region,
there was another two weak heating centers occurring in the east of the source region
with one at around 400hPa and the other in the lower levels (Fig. 18c2). A moistening
also occurred at the same time over or to the east of the ISO source region (Fig. 18c3).

43
Although these heating and moistening centers were very weak in the beginning
phase, they strengthened rapidly. On day -5 (Fig. 18d2 and 18d3), their intensity had
increased to be 3 times of what they were 5 days previous, and their covering area
was also extended zonally and vertically. Strong upward motions, convergence and
convection appeared at the same time (Fig. 18d1 and Fig.18d4). Convection (Fig.
18e1), moistening (Fig. 18e3) and low-level convergence (Fig. 18e4) in the source
region peaked on day 0, while the heating (Fig. 18e2) peaked several days later. After
day 0, the moistening and warming centers continued to extend both eastward and
westward (Fig. 18f) till day 10 (Fig. 18g). By day 10 the moistening and heating areas
in the source region showed in different areas in the source region. This separation or
disorganized feature of the temperature and moisture anomaly fields suggested a
collapse of the system, as also shown by the rapid decay in the intensity of the
anomalies. This disorganization could be a reason for major convection in this ISO to
remain within the source region even though the moisture and heating anomaly
centers could still individually propagating east or westward.
Comparing Figures 18 with 17 (the propagating ISO), we can see the
following differences between the non-propagating ISO and propagating ISO cases
during their life cycle.
In the propagating ISO, initial disturbances in the dynamic and
thermodynamic fields were apparently from the west of the ISO source region. ISO
initiated and developed in the source region and propagated eastward. For the nonpropagating ISO, most of the dynamic and thermodynamic anomalies developed
locally within the source region and showed no propagation.
The second major difference is that the heating field in the propagating ISO
was deep from the upper to lower troposphere. Positive temperature anomalies
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developed in the middle troposphere in the source region interacted with eastward
propagating warm temperature anomalies in the upper troposphere led to an intense
and deep region of positive temperature anomaly that contributed to the development
of the ISO. The positive temperature anomalies over the source region occurred
before day -20 far before the onset of ISO (day 0). These results suggest that the
temperature anomalies and related heating is important to development of the
propagating ISO. In other words, the propagating ISO is more temperature driven.
For the non-propagating ISO, the lack of disturbances entering the source region
caused locally originated temperature anomalies at the lower troposphere. These
anomalies occurred between day -10~-5, over 10 days later than that in the
propagating ISO. The temperature anomalies peaked around or shortly after day 0.
While the moisture anomalies in the non-propagating ISO developed locally in the
source region these anomalies always occurred before the heating/temperature
anomalies. Moisture anomalies peaked before or around day 0. This leading phase
relationship of moisture variation compared to the temperature variations suggests
that the moisture processes are important to the development of the non-propagating
ISO. In other words, non-propagating ISO is more moisture driven.
Another major difference is that in a zonal-vertical cross-section of the
propagating ISO, a circulation anomaly similar to a small “walker cell” always stands
out. This circulation anomaly has a downward motion in the east and an upward
motion in the west, a westerly loft and easterly near the surface (e.g. Fig. 17c4). There
is convergence in the western side of this cell and divergence in the west. In addition,
this circulation cell propagates eastward during the lifetime of the ISO. While in the
non-propagating ISO this feature is obscure. This difference further indicates that the
non-propagating ISO cases developed in the absence of a “suitable” large-scale
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environment. Apparently, disturbances in such an environment are essential for
enhancement of the ISO and their eastward propagation, as shown in the propagating
ISO cases.
Finally, the difference in the intensity of anomalies in dynamic and
thermodynamic variables also is important in separating the non-propagating vs.
propagating ISO. By comparisons, the intensity of individual variables in the
propagating ISO is stronger or at least not weaker than that in the non-propagating
ISO. Part of the reason probably would be that the energy of the propagating ISO
began to accumulate much earlier before day 0 when large-scale processes interacted
with development of regional anomalies. For the non-propagating ISO, only limited
local sources were involved in development of the ISO. A shorter period of energy
accumulation and little support from large-scale energy sources are probably the main
reasons for weak intensity of the non-propagating ISO.

4.2.3 Regional-vertical structure
From these previous analyses, we realized that moisture and temperature are
two important factors that may have played different roles in development of the ISO.
So we will analyze these variables further. In this analysis, we are particularly
interested in the differences of these two variables in the most active region inside the
source region of the ISO, for all propagating and all non-propagating ISO cases. In
order to compare these differences, we need to have composites for both propagating
and non-propagating ISO cases. However, as we have indicated in the previous
section, in the equatorial region of 5oS~5oN, there is no common source region with a
same longitudinal coverage for all the non-propagating ISO cases. To overcome this
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difficulty, we developed a method. In this method, the source regions are not required
to be in the same location. First of all, for each of the non-propagating ISO case, we
define a region of 20 degrees in longitude covering the center of the source region of
the case. This also is the most active convection center, which is called “CC” region.
Next, we define 4 more regions which lie to the west and east of the CC region and
each cover 20 degree in longitude. The names for these four regions are “W40”,
“W20”, “E20”, and “E40” from west to east, respectively. The reason that we chose
“20 degrees” for each of these regions is because (1) most of the source regions in all
the ISO cases are found 20-degree wide along the longitude; (2) propagating ISO
phase speed is around 5ms-1, i.e. 4 degree per day, so if we make the diagram to show
the ISO evolution with a 5-day increment, the propagating signal and related anomaly
fields would start at the west end of a region and reach the west end of the next
neighboring region on the east by the next time step. For example, for the eastward
propagating temperature or moisture anomaly, if it appears in “W40” on day -20, it
would propagate to “W20” on day -15, and so on. The 5 regions defined by this
method for all the non-propagating ISO cases are listed in Table 4. We also defined
these regions for all the propagating ISO cases. These cases share a common source
region. The “CC” is from 80oE-100oE, and the other four regions W40, W20, E20,
and E40 are (40oE~60oE), (60oE~80oE), (100oE~120oE), (120oE~140oE), respectively.
We averaged the value of all the cases in each of these five regions to obtain
representative values for both propagating and non-propagating ISO. After this
composite, there is only one (anomaly) value for a variable at each of the 15 vertical
levels at each time during the cases. This method solves the problem of the
dependence of different cases on the longitude and provides us a convenient way to
do the composite work. After the composite, we applied the regression analysis on the
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derived composite data to examine the development for both propagating and nonpropagating ISO. These results are shown in Figures 19, 20, 22, and 23. For
comparison purpose, the differences of the results between propagating and nonpropagating ISO are shown in Figures 21 and 24. In each figure, the time difference
between each panel is 5 days progressing from day -20 at the top panel through day
20 at the bottom panel. The five regions, W40, W20, CC, E20, and E40 are shown in
each panel from the left to the right. From these results, we can further analyze and
understand the roles of temperature and moisture variations in the evolution of these
ISO. Furthermore, the differences in these variables between the propagating and nonpropagating ISO will serve to expand the results which we have discussed in section
4.2.2, where only the stationary ISO case in 1996 was discussed and compared to the
propagating cases.

Table 4 The longitude definition for W40, W20, CC, E20, and E40 region for
each non-propagating ISO case
Cases/regions

W40

W20

CC

E20

E40

1981

40~60oE

60~80oE

80~100oE

100~120oE

120~140oE

1985a

25~45oE

45~65oE

65~85oE

85~105oE

105~125oE

1985b

110~130oE

130~150oE

150~170oE

170~190oE

190~210oE

1996a

40~60oE

60~80oE

80~100oE

100~120oE

120~140oE

1996b

100~120oE

120~140oE

140~160oE

160~180oE

180~200oE

Comparing the results in these six figures, we found some common features of
the temperature and moisture fields in the source region for both propagating and nonpropagating ISO cases: (1) There are upper-level cooling and lower-level warming
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occurring during the ISO evolution, and (2) there is low-level moistening before
major convection and drying after the convection peaks.
From further analysis, we found the following characteristics in temperature
and moisture variations. For temperature variations:
(1) In the propagating ISO cases, the heating anomalies showed a wide
heating band propagating eastward from or even before day -20 throughout the entire
event, as shown by the blue solid arrows in Figure 19. While propagating eastward,
the center of the warming also showed extending downward from upper to middle and
lower troposphere. This persistent deep heating anomaly from day -20 or earlier to
day 0 could have allowed more moisture accumulation in a warmer environment
before the onset of deep convection of the ISO. In these propagating ISO cases, this
heating anomaly and associated increase in temperature in the source region played an
important role to the development of the ISO.
(2) In the non-propagating ISO cases, the anomaly heating field was not
present until after day 0 when major convection in the ISO had already set off. This
responsive heating anomaly and associated temperature change in the lower and
middle levels of the source region indicates that the temperature field was more
passive than active during the development of the ISO. The temperature anomalies are
not as important to the ISO development in these cases as they are in the propagating
cases. In addition, these heating anomalies appeared in a much confined area within
or slightly to the west of the CC region as shown in the blue solid box in Figure 20,
much smaller than the area of heating anomaly in the propagating ISO. Furthermore,
there were multiple and disorganized anomaly heating centers in different areas inside
the source of the non-propagating ISO cases. This lack of organization of the
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convection processes is a key difference of the non-propagating ISO from the
propagating ISO.
(3) These differences in the heat induced temperature anomalies and their
distribution (Fig. 21) indicate that the environment (i.e. the five regions) of
propagating ISO was much warmer from day -15 to day 0 and cooler from day 5 to
day 15. Day 0 was the time that these ISO cases had the least temperature variations
as shown by the (blue) solid box in Figure 21. The heating field in the nonpropagating ISO peak after the day 0 and may have contributed little to the
development of the ISO.
For the moisture variations:
(1) In the propagating ISO cases, the moisture field also exhibited an eastward
propagating feature before the development of major convection in the ISO. The
propagation continued throughout the lifetime, similar to that in the heating field (see
the blue solid arrow in Figure 22). A major difference between the moisture and
temperature anomalies in the propagating ISO is that the eastward propagation of the
moisture anomalies appeared about 5 days after the temperature anomalies had
occurred. This can be seen from a comparison of Figure 22 and Figure 19. This
lagged moisture anomaly indicates that although the moisture field may be important
to the development of the propagating ISO, its effect came after the heating
anomalies. This phase relationship may suggest that an original temperature anomaly
developed in the source region of the ISO. Following the development of the
processes associated with the initial temperature anomaly moisture anomaly
developed.
Another difference is that the anomalies of moisture spread upward while it
was downward in the heating and temperature anomalies.
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(2) For the non-propagating ISO cases, similar to their temperature anomaly
field, the moisture anomalies were confined in a small area within and slightly to the
west of the CC region, as shown by a (blue) solid box in Figure 22. The only
difference between moisture and temperature anomaly filed in the non-propagating
ISO cases is that moisture anomalies appeared on day -5 and persisted through day 5,
while heating anomalies first appeared on day 0 and lasted through day 10 (see
Figures 20 and 23). This responsive anomaly in temperature indicates that the
moisture was more important than temperature to triggering this type of ISO. Because
the moisture is more restricted in lower troposphere with a certain concentration
dependent on the temperature, it may support only weaker convection. This could be
an explanation that the intensity of the non-propagating ISO was much weaker than
that of the propagating cases. This weak intensity, in additional to lack of organization
mechanism, may have limited any propagation of these ISO.
(3) Propagating and non-propagating ISO cases have no obvious difference on
day 0 in the CC region as shown by the (blue) solid box in Figure 24, a result
indicating that both these two types of ISO need to reach a wet enough situation for
major convection to start in the ISO. The intense moisture anomalies in the west
regions (within green dashed-line box) before day 0 and also in the east regions
(within green dashed-line box) after day 0 for the propagating ISO cases indicate that
propagating ISO were in a much broad and wet environment during their lifecycle.
The above results support the conclusion that the propagating ISO cases have
a broader, warmer and moister environment than the non-propagating ISO cases. The
above findings also are consistent with what we found in the previous sections. With
these coherent results we may advance to understand why some cases are propagating
and others do not.
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4.3 Propagating and non-propagating ISO horizontal
structures in the lower and upper troposphere and their
differences
In the previous section, we investigated the zonal and vertical structure of
propagating and non-propagating ISO. In this section, we further examine the
structure of these two types of ISO in lower and upper troposphere using regression
analysis technique. Since 850hPa and 250hPa are two standard levels representing the
lower and upper troposphere, we will focus on analyzing temperature and moisture
variations on these two pressure levels. The structures of their differences between the
propagating and non-propagating ISO may disclose additional processes of heating
and moistening as well as their interaction in the source region of the ISO. In addition,
we examine the meridional variations in these heating and moistening processes and
examine possible interactions between the tropics and the extratropics and their role in
ISO development. For the non-propagating ISO, we use 1996 case.
Figure 25 shows 850hPa temperature anomalies by regression analysis. This
regression method is the same as that described in section 4.1 and can be achieved by
equations (16) and (17). As shown in Fig. 25, a center of positive temperature
anomaly initially occurred in the southwest of the ISO source region (80oE~100oE)
near the south Indian Ocean from 40oE to 60oE. This center of positive temperature
anomaly is consistent with the lower level warm band that was discussed in Fig. 17.
This warm center moved northeastward, expanded, and organized with other anomaly
center in the source region to make positive temperature anomaly spread in the entire
source region. The intensity of the anomaly peaked on day 0 (Fig. 25e). After day 0,
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the intensity and spatial spread of the anomaly reduced while the ISO system
continued propagating passing over the maritime continent (Fig. 25g and Fig. 25h).
Figure 26 is similar as Figure 25 except for 250hPa. This figure shows that in
the upper troposphere a positive temperature anomaly disturbance also came from the
west and propagated eastward during the evolution of the ISO. As this disturbance
propagated to the east, it apparently interacted with the two strong temperature
anomalies (their underlining processes) in both the north and south of the source
region.
The moisture fields at both 850hPa (Fig. 27) and 250hPa (Fig. 28) for the
propagating ISO have the same eastward-propagating feature as the temperature field.
Anomalous moisture in diturbances first occurred in the west of the source region and
propagated eastward and strengthened at the same time until day 0. After day 0, the
anomalies started decaying while continuing migrating eastward. The differences
between the moisture anomaly in 850hPa and 200hPa are that the equatorial area west
of the source region remained dry until day -15 in the upper level while the lower
level became wet on day -20. This 5-day lag of moistening in the upper levels
suggests a low level moisture transport to the upper troposphere before the onset of
major convection in the ISO. In addition, over the source region, the positive moisture
anomaly in the lower troposphere reached peak magnitude about 5 days before that in
the upper troposphere. These differences are consistent with the finding in section
4.2.1 and may indicate that shallow convections may be active before major onset of
deep convection in the development of ISO. However, because moisture source is in
the lower levels the anomaly in moisture in the upper troposphere is always weaker
than that in the lower level.
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The non-propagating ISO results for both temperature and moisture anomalies
in upper and lower troposphere show very different processes to those in the
propagating ISO cases. Figure 29 shows the temperature anomalies at the 850hPa for
the 1996 non-propagating ISO case, whose source region is in (80oE~100oE,
5oS~5oN). In Fig. 29, there are two weak temperature anomaly areas in the source
region around day -10 (Fig. 29c). The positive temperature anomalies continued to
grow and spread, and eventually peaked on day 0 (Fig. 29e). This warm center is
exactly the same of the heating field in the lower level we mentioned in Figure 18.
After that the warm center over the source region began to decrease at day 5 (Fig. 29f)
and almost vanished at day 10 (Fig. 29g). Unlike the processes in the propagating ISO
cases, this positive temperature anomaly disturbance in the source region showed no
eastward propagation in the developing and mature stage of the ISO.
One temperature anomaly first appeared in the upper level (Fig. 30) on day -10
(Fig. 30c) in the west of the source region, and later another one temperature
anomaly occurred on day -5 (Fig. 30d). These two anomalies grow and spread to join
each other to be a strong warm center on day 0 (Fig. 30e). This combine warm center
reached peak between day 0 and day 5, after that it began to rapidly decrease on day
10 (Fig. 30g) and finally vanished on day 15 (Fig. 30h). The evolution of this nonpropagating ISO related temperature anomaly is mostly completed locally, showing
no propagation in the whole ISO cycle, which is the same as the lower temperature
field described above.
A moisture anomaly first appeared around (75E, 5S) earlier on day -20 (Fig.
31a) at 850hPa. It developed very rapidly and also spread westward to cover the
source region on day -10 (Fig. 31c). On day -5 (Fig. 31d), it grew to covered most
part of the source region and reach peak of 0.3g/kg, and at the same time it merged
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another moisture anomalies on the west of the source region, which made the intensity
of the moisture anomaly remain strong until after day 0 (Fig. 31e). On day 5 (Fig.
31f), the above moisture anomaly center began to decrease gradually. This local
evolution but no propagating characteristic of the moisture anomaly is consistent to
that of the temperature field. And when comparing to the lower temperature filed, this
ISO related moisture anomaly occurred around 10 days before the ISO related
temperature anomaly, which probably indicates that the lower moisture processes are
the dominant features in the early development of the non-propagating ISO.
The moisture variations in the 250hPa (Fig. 32) showed a large area with
strong positive moisture anomalies over the Australia from day -20 (Fig. 32a). As
time proceeded, the anomalies grew and also spread out northwestward and On day -5
(Fig. 32d) another small area of positive moisture anomaly appeared around (80oE,
5oS) (Fig. 32c). These anomalies further developed and merged and reached peak
intensity on day 0 (Fig. 32e). After day 0, the moisture anomaly center stayed over the
tropical Indian Ocean and began to weaken (Fig. 32f and 32g), and vanished on day
20 (Fig. 32i).
Comparing these developments of the two types of ISO, we found that for the
propagating ISO, the effecting parts of both heat and moisture in the lower and upper
troposphere were from the west of the source region. After the onset of major
convection of the ISO on day 0, these temperature and moisture anomaly centers
continued to propagate eastward but weakened. Very different to the propagating ISO,
the temperature and moisture anomalies in the non-propagating ISO case (here
referring to the 1996 case) in both the lower and upper troposphere, are primarily
developed within the source region. Upon developing they merged from two different
anomaly centers that either was stationary or had different extending directions. There
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was no eastward propagation for these temperature and moisture anomaly centers
inside the source region. From these findings we can conclude that propagating ISO
were more affected by the zonally-moving systems/disturbances to organize the
development of the ISO while the non-propagating ISO, on the country, were
primarily developed from interactions of at least two disturbance systems originating
inside the source region.

4.4

The

developing

processes

and

mechanisms

for

propagating and non-propagating ISO
In this section, we will investigate the developing processes and their related
mechanisms for propagating and non-propagating ISO, based on the results of the
structures of these two types of ISO and their differences which we have shown in the
previous sections.
As we know, the starting and ending time as well as the time for peak intensity
of anomaly of each dynamic and thermodynamic variable in the source region are
essential elements to examine the developing processes of the ISO. Understanding the
relationship of variations in these variables can help us to gain the knowledge of ISO
mechanisms. In order to obtain a simple and clear variation of each field during the
life cycle of the ISO, we made Figure 33, based on the data from Figures 14 and 15,
to compare the differences of major variables between propagating and nonpropagating ISO cases according to their starting time, ending time, and also the time
when they are at the peak intensity.
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4.4.1 Propagating ISO
For the propagating ISO, the low level easterly wind anomalies, which were
from downdraft or subsidence of the high pressure system before the ISO, first
appeared around day -24 (Fig. 32a1). Because these easterly anomalies were from a
relatively drier location, they favored and enhanced surface evaporation from day -18
(Fig. 32b1). The enhanced surface moisture flux increases the low level moisture,
making the specific humidity anomalies to change from negative to positive around
day -15 (Fig. 32f1). Meanwhile, the low level easterly becomes more moistened due
to the enhanced surface evaporation and turn to be much lighter, this process changes
the low level pressure distribution, which could cause some areas to have lower
pressure and therefore initiate convergence occurred at around day -15. The enhanced
air mass in the lower level needs to spread out in the vertical direction as required by
the mass continuity. As a result, upward motion develops on day -13 (Fig. 33h1).
After the moisture has been transfer upward from the surface level, it increases the
specific humidity in the upper air. This vertical transport of moisture also causes some
release of the latent heat, which through compensation subsidence, increases the
atmospheric temperature. This change in temperature is shown by the positive
anomalies on day -13 (Fig. 33e1). When surface evaporation and low level easterly
wind anomalies both peak on day -10 (Fig. 33a1), low-level convergence enhances
and maximized on day -5 (Fig. 33g1). Strong convergence strengthens the upward
motion and brings more moisture to the middle troposphere, explaining the peak
moisture anomalies in middle troposphere on day -3 (Fig. 33f1). The increased
moisture in turn supports the upward motion for latent heat released in the upper
troposphere, leading to a strong positive temperature anomaly center in the upper
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troposphere on day -1 (Fig. 33c1). After day -1, the convection peaks on day 0,
marking the onset of the ISO.
From the above process, we can see that both low level easterly wind and
surface evaporation anomalies create the low level convergence and then supports
convection/upward motion. Both moisture and temperature processes are important to
the development of the propagating ISO. Although the development of anomalies in
temperature and moisture starts and ends at slightly different time, these anomaly
processes peak shortly before day 0 when the ISO was most active. This phase
relationship indicates that both the moisture and temperature processes are important
to the development of the propagating ISO.
In addition, we also notice that the convergence in the low-to-middle
troposphere has two peaks (Fig. 14). This double-peak feature suggests that the strong
convergence in the low levels may have forced the convection initially, and then the
strengthening convection in turn further enhances the middle level convergence which
peaks at a slightly later time. This second surge of convergence may have prolonged
and elevated the strong convection in the troposphere, making strong ISO. We also
found that the low-level westerly wind anomalies appeared after the peak of
convergence. This result suggests that the low-level westerly wind may have been a
consequence of the ISO.
Examining the details of the anomalies in atmospheric temperature and
moisture we found that within the source region, there also are temperature anomalies
in the middle troposphere before day -30, indicating that these anomalies may have
initiated within the source region (Fig. 14b). These “local” anomalies further develop
when the disturbances of temperature aloft enter the source region. They engage into
more organized entity and cover large areas in the source region (see the temperature
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panel in Fig. 17). The processes corresponding to the organized anomalies in
temperature contribute to the development of the ISO. The eastward-propagating
feature of the temperature anomalies is the necessary condition for development of
propagating ISO (Fig. 19 and Fig. 22). In our analysis, the eastward-propagation of
temperature anomalies is primarily guided by the migrating temperature disturbances
in the upper troposphere. The temperature disturbances in the upper troposphere are
from both north and south subtropical regions. In the horizontal view, they were
almost parallel to the equator during that time (Fig. 26). When both these south and
north temperature disturbances moved eastward simultaneously, they would merge
the local temperature anomalies in the middle-to-low level of the source region, and
strengthened the intensity of the latter (Fig. 17b2). This heating process is also very
important to the development of the propagating ISO, it occurs from day -15, which is
simultaneously with the first appearance of low level convergence induced by the low
level easterly wind and surface evaporation anomalies (Fig. 33g1).
The eastward-propagating moisture anomalies in the propagating ISO are
related to the higher sea surface temperature in the source region. Warm sea surface
temperature (SST) would favor the surface evaporation as well as the upward motion.
These warm SST are likely result from the planetary scale change in SST associated
with El Niño. We have found that all propagating ISO cases occurred in El Niño years
(see Table 5). In Table 5, the Multivariate ENSO Index (MEI, see page 5 in March
2010 NOAA report) has been used to measure the ENSO activity. During El Niño, the
sea surface temperature is warmer in the tropical Indian Ocean [e.g. Klein et. al.,
1999] than average (or in normal years), enhancing surface evaporation and then

moisture in the lower troposphere. The lower atmosphere turns to be much lighter and
needs to transport upward. Through upward motion, moisture is further transported to
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the middle troposphere. After the ISO is developed, subsidence motion around major
convection may force additional low-level easterlies in the east of the developed ISO,
which would in turn enhance surface evaporation and then moisture in the east of
major convection. This process would assist eastward propagation of the ISO related
moisture field.
In a propagating ISO, the strongest convection occurs shortly before day 0
(Fig. 14d). The entrainment in the lower and middle troposphere and detrainment at
the top of deep convection create the subsidence in the environment surrounding the
convection. This configuration of vertical motion around deep convection in the ISO
describes a strong “Walker-cell” like circulation in the east of the ISO (Fig. 17e4).
The strong low-level easterlies in this “Walker-cell” bring more moisture into the
ISO, maintaining it and also sustaining its eastward propagation.

Table 5 ENSO events and intensity of propagating and non-propagating ISO
cases
Propagating
ENSO events
Non-propagating
ENSO events
ISO events

ISO events

1976.9.28-

Weak El Niño

1981.7.1-1981.9.30

Neutral

1977.1.10

(MEI<1)

1980.2.16-

Weak El Niño

1985.9.21-

Weak La Niña

1980.4.30

(MEI<1)

1985.11.30

(MEI=-1~0)

1982.4.1-

Strong El Niño

1996.3.1-1996.5.31

Weak La Niña

1982.5.31

(MEI=2~3)

1988.1.1-

El Niño

1988.3.31

(MEI=1~2)

1991.12.1-

El Niño

1992.2.10

(MEI>1)

(MEI=-1~0)
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1994.11.1-

El Niño

1995.1.31

(MEI>1)

In these processes initiating and sustaining the propagating ISO, both the
temperature and moisture processes are playing important roles. The easterly wind
and related surface evaporation anomalies in the low levels and the temperature
disturbances in the upper troposphere are the trigger for initial development of the
ISO. A relatively warm and wet environment supports interactions of these anomalies,
which enhance dynamic and thermodynamic processes for further development of the
ISO. The ISO move eastward until their convection have consumed the instability
generated by the temperature and moisture anomalies.

4.4.2 Non-propagating ISO
The developing processes for non-propagating ISO are different from that for
the propagating ISO. At the initial stage of the non-propagating ISO, there are no
positive temperature disturbances coming into the source region in the middle and
upper troposphere (Figs. 15b and 33d2). Thus, there is a lack of the “organizing”
mechanism for the non-propagating ISO.
Although low level easterly anomalies occurs, as that shown in Fig. 33a2 on
day -26, and the subsequent increase in surface evaporation on day -18 (Fig. 33b2),
their intensity is much weaker than that for the propagating ISO. In addition, the low
level moisture anomalies did not appear until day -11 (Fig. 33f2), a probable reason
for this late response to the surface evaporation is that most of the non-propagating
ISO occurs during La Niña or non- El Niño (“neutral”) period (see Table 5). During
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La Nina, the SST in the tropical eastern Indian Ocean tended to be cooler than that in
the El Niño period, so it may require longer time for the surface evaporation to
provide sufficient moisture to cause low level pressure to change and atmospheric
convection to develop. Accordingly, the low level convergence also occurs later on
day -10 (Fig. 33g2).
This environment which is less moist also nurtures less intense convection
(Fig. 33h2). At day -7, in the middle troposphere there was a cooling layer on top
(Fig. 15b), this was due to middle inflow peaking at 700hPa [Houze et al. 2000] and
also the evaporation within mesoscale downdraft [Gamache and Houze 1985] . This
warm below and cooling aloft thermal profile trigger low level deep convection which
is sustained by low-level convergence, and brought more moisture to a much upper
level with peak at 600~700hPa (Fig. 15c).
This developing process is more supported by a “radiation-convection”
mechanism [Hu, 2006] . Deep convection forced subsidence in the upper level and
increased temperatures there. Therefore, a warm center at the upper level appeared to
match the location of the strong convection (Fig. 15d). At this time, the nonpropagating ISO had fully developed.
From these features in the development of the non-propagating ISO, we may
conclude that although in the initial stage there are low level easterly anomalies and
subsequent anomalous surface evaporation, their intensity is relatively weak
compared to the situation in propagating ISO, largely because of the cooler largescale environment in a non-El Niño or La Nina year. Consequently, there are
relatively weak low-level convergence and vertical motion/convection in nonpropagating or stationary ISO. The lack of propagation also suggests that the windevaporation mechanism, such as WISHE, is not a main process in development of the
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non-propagating ISO. Instead, the middle troposphere cooling in the early stage of the
major convection lends support to that the radiation-convection interaction may have
played an important role in this type of ISO. Furthermore, in these ISO cases, the
temperature anomalies appear to the west (left hand side in Fig. 15, for example) of
the anomalies in moisture and low-level convergence (Fig. 15), suggesting different
and perhaps less coherent, compared to that in the propagating ISO, temperature and
moisture processes in these ISO. Although detrainment on top of convection in this
type of ISO and the subsidence surrounding the convection required by the mass
continuity would also configure a “walker cell” this cell is relatively shallow and
weak, compared to that in the propagating cases. Weak low-level easterly wind in
these cases is another indication that the wind-induced evaporation mechanism is
unlikely preponderant in the non-propagating ISO. Another important feature that we
also noticed in the non-propagating ISO is that the positive temperature anomalies in
both lower and upper levels peak after day 0 when the ISO has passed its peak
intensity stage. This kind of “reactive” rather than “active” changes in temperature
indicates that the temperature processes are not as important as the moisture and
associate latent heat processes in the development of the non-propagating ISO.
Moreover, the maximum moisture anomaly is 0.7 g/kg, compared to 0.8 g/kg in the
propagating ISO cases, shows that the non-propagating ISO develops in a relatively
dry environment compared to the propagating ISO. In non-propagating ISO, weak
low-level westerly anomalies concurring with peak low-level convergence appear on
day -7, earlier than that in the propagating ISO (Fig. 15d, Fig. 33a2). The convergence
is more a result of the westerly because of the low-level easterly is much weaker
during that time. The sole spike in the intensity variation in the convergence during
these ISO also suggests that the convection and latent heat processes are rather intense
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yet short lived in these non-propagating ISO. In the propagating ISO cases the
intensity variation in the convergence lasts for several days, suggesting a persistent
process of convection with much more energy during those ISO.
During the non-propagating ISO (Figs. 20 and 23) both the moisture and
temperature variations related to the ISO were originated and developed within a
confined region, i.e., the source region. This lack of significant interactions with
outside processes is a major reason that the ISO are stationary. In addition, the
temperature distribution in the non-propagating ISO (Fig. 30) shows that these
subtropical high pressure systems in the North and South Hemisphere are not parallel
to the equator, like in the case when propagating ISO cases developed. Instead, these
two high pressure systems form a “V” shape with the opening towards the east. This
large-scale circulation anomaly pattern makes it difficult for temperature disturbances
to be confined in the equatorial region while propagating eastward, as during the
propagating ISO events (Fig. 26). With little contribution from the large-scale
circulation environment and lack of a strong positive temperature anomaly in the
upper troposphere non-propagating ISO developed primarily supported by local
thermodynamic processes. Such upper troposphere temperature disturbances play
important roles in triggering, organizing and strengthening the thermodynamic
processes in the source region stronger ISO develop and also propagate eastward
along with the upper-level temperature disturbances.
All in all, non-propagating ISO develop in a relatively dry and cool
environment compared to that for propagating ISO, relying on regional instability
such as the radiation-convection interaction mechanism. The energy that supports this
type of ISO is largely from moist processes, and temperature processes driven by
radiation help the development of local instability. Without lack of a mechanism to
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engage with disturbances in the ambient environment these systems are weak and
often stationary.

Chapter 5

5 Summary and future work

Intraseasonal oscillations (ISO) have been studied for nearly 40 years since it
was first identified by Madden and Julian in 1971. Although many ISO features have
been revealed by observations and several mechanisms for ISO development have
been proposed ISO development remains poorly understood because of the
complexity and diversity of the ISO. The source region of the ISO in the tropical
atmosphere is one of the key issues. To improve our understanding of the ISO and
contribute to our knowledge of their development, in this dissertation, we first
induced the fixed beamforming technique to the ISO study. Fixed beamformer is
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especially suitable to detect the sources of waves with certain wavelength or phase
speed, such as the ISO. By designing a specific 3*3 grid-point weight vector, we
obtained a unique fixed beamformer that can efficiently capture the ISO waves and
further locate their source region. After testing on single and complex sources of
waves, the fixed beamformer was applied to the ECMWF interpolated data grids to
detect and identify source regions of the ISO in the tropical Indian and tropical Pacific
Ocean region in a 29-year period.
Examining the source regions and ISO behavior in the source regions, we
found that in addition to the eastward propagating ISO, there were non-propagating
ISO during this 29-year period. To understand why some ISO would propagate while
others are stationary, we applied the regression analysis to examine the vertical and
horizontal structures of these two types of ISO. Our investigation showed that their
structures are very different during their evolution. (1) In the propagating ISO, both
moisture processes and temperature processes/disturbances are very important to the
development of the ISO. Strong anomalies in both moisture and temperature exhibited
eastward-propagating features during the life cycle of the ISO. This type of ISO is
developed in a relatively warm and wet large-scale environment, and wind enhanced
surface evaporation is a major mechanism. (2) In the non-propagating ISO,
temperature processes are not as important as the moisture processes in the
development of ISO. The temperature anomalies remained weak before the onset of
major convection in the ISO and reached peak intensity afterwards in response to the
heating from convection. Both temperature and moisture anomalies developed and
were confined within the source region. The non-propagating ISO developed in a
relatively cool and dry environment. Although weak low-level easterly anomalies and
surface evaporation existed before the onset of the major convection in the ISO,
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radiation-convection interaction mechanism seems playing an important role in
triggering the non-propagating ISO. A key support to this notion is that relatively cold
temperature anomalies persisted in the middle troposphere during the development of
the ISO. This radiative cooling destabilized the troposphere profile and favored
convection development. Therefore, the propagating disturbances in temperature are
not important in the stationary ISO but local processes that cause temperature changes
are important in contribution to the ISO development.
ISO is not an independent process in the atmosphere. It connects with other
processes in the tropical and subtropical regions. They interact and mutually modify
each other and affect their development and related predictability for cyclones,
hurricanes, and monsoons. During this study, we have found that such interactions of
ISO and processes in their ambient environment may have played a critical role in
determining the propagation of the ISO. For example, some eastward propagating
temperature disturbances entering into the source region of an ISO could organize
local disturbances and develop propagating ISO. On the other hand, lack of such
interactions leaves development of the ISO to local processes, which have often
resulted in non-propagating ISO. These rather different outcomes from interactions of
local processes in the ISO source region and processes in its ambient environment
indicate that independent processes are developing simultaneously in the source
region and outside. Dependent on the phase relationship of these processes and their
engagement different ISO develop.
Our further analysis indicates that the propagating moisture and temperature
anomalies are related to the SST anomalies and the condition in the subtropical high
pressure systems in both the Northern and Southern Hemispheres. Propagating ISO
have occurred in El Niño years in the study period, when the SST in the source
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regions in tropical Indian Ocean is higher than average. The non-propagating ISO
occurred in La Niña years or non-Niño years when the SST in the tropical Indian
Ocean was relative cool.
This finding suggests that in El Niño years when the SST in the source region
and adjacent oceanic areas is warm, the low-level easterly wind from enhanced
subsidence resulting from the large-scale circulation change associated with El Nino
would amplify surface evaporation, increasing moisture in the lower troposphere.
Through convection, moisture is further transported to the middle troposphere. After
the ISO is developed, subsidence motion around major convection may force
additional low-level easterlies in the east of the developed ISO, which would in turn
enhance surface evaporation in the east of major convection. This process would
assist eastward propagation of the ISO. The propagation of the temperature anomalies
in the propagating ISO is largely related to the “channeled” flow between the two
subtropical high systems in the Northern and Southern Hemispheres. By strengthen
the positive temperature anomalies in the upper troposphere, the ISO are enhanced
and sustained.
During the evolution of non-propagating ISO, because there are no such
propagating upper level temperature disturbances and the moisture processes in the
middle and lower troposphere, the environment in the source regions may only
produce ISO confined within the source region.
Although these findings suggest that the influences of ENSO and the
subtropical high pressure systems may have played important roles for the
propagating and non-propagating ISO, some issues remain uncovered. Specifically,
during El Niño years, if propagating ISO is favored for development in the tropical
Indian Ocean, would the non-propagating ISO be favored in the western equatorial
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Pacific Ocean area where the SST is cooler? If the non-propagating ISO is
encouraged to develop in the tropical Indian Ocean in La Nina or neutral years, would
the propagating ISO be favored in the western equatorial Pacific Ocean where the
SST is warmer? Also, what could be the reasons for the subtropical high pressure
systems in the two hemispheres to be more parallel in some years and become nonparallel in some other years? These and other questions remain to be answered to
gain further understanding of the cause of these different ISO. Such understanding
will help to better predict initiation and development of ISO in the tropical
atmosphere. Developing such understandings will be the future work in ISO studies.
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Appendices

x1(k)

x2(k)

W 1*

W 2*

array elements

xJ(k)

y(k)

WJ*

Figure 1: Signal processing regime of a fixed beamformer (adapted from van Veen
and Buckley 1988). In the diagram, xi(k) is the signal “captured” by i-th sensor of the
fixed beamformer, J is the number of sensors in the beamformer, k=1, 2…N is the
time series of the signal being captured, wi, i=1, 2…J form the weight vectors of each
sensor, * denotes a complex conjugate, and y(k) is the synthesized signal by all the
sensors (see equation (1) in text).

82

i-1,j+1

i,j+1

90o

i+1,j+1

ϕ
i-1,j

i,j

ϕ
i+1,j

180o

0o

∆y
∆x
270o
i-1,j-1

i,j-1

i-1,j-1

Figure 2: (left) A schematic of a two-dimensional 3 × 3 (9) sensor fixed beamformer
structure. In the beamformer, the distance between adjacent sensors is the same
(∆x=∆y). The position of the center sensor, the origin of the array, is (l,m), and the
positions of the neighboring sensors in the array are defined according to their spatial
relationship with the origin. Arrows show the signal coming azimuth, φ, which varies
from 0 to 360 degree (right).
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Figure 3: The simple wave source test results of the fixed beamformer. (a) grid
system and simple wave source locations (marked by “S1” and “S2” ) for two
individual test. Test result of (b) source 1 and (c) source 2. Arrows represent the wave
propagating direction. The length of the arrow is the power of the signal determined
by Eq. (8).
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Figure 4: The mutiple sources test results of the fixed beamformer. (a) grid system
and mutiple source locations (marked by “A” , “B”, and “C” which represent location
(0,0), (10,0) and (7,10) respectively) in a single test. Test results when ∆f = ±0.04 f A
and (b) SNR=10dB, (c) SNR=20dB, and (d) SNR=40dB.
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Figure 5: (a) and (c): Time-longitude diagram of 10ºS-10ºN averaged 30-60 day
Lanczos band-pass filtered 850hPa zonal wind anomalies (units: ms-1, contour
interval: 0.5) and OLR anomalies (units: Wm-2, contour interval: 5.0), respectively.
Negative anomalies are shown by dashed-lines. The ISO event from September 28,
1976 – January 10, 1977 is marked by the two transverse dark dashed-lines. (b) and
(d): ISO source regions deduced from wind (units: 10-6 s-1, contour interval: 3×10-6,
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values ≥ 3×10-6 s-1 are shaded) and OLR (units: 10-6 Wm-3, contour interval: 20×10-6,
values ≥ 20×10-6 Wm-3 are shaded), respectively, by the fixed beamforming technique
during September 21, 1976 – January 10, 1977. The positive values show emitting of
the signals. Shaded regions show strength of emission larger than 3×10-6 s-2 in (b) and
larger than 20×10-6Wm-3. (e) and (f): p(φ) (units: ms-1) distributions of strong ISO
signal measured from U850 and OLR at two points: at (70ºE, EQ) for U850 and at
(85ºE, 2.5ºN) for OLR in the tropical Indian Ocean (solid-line), and at (150ºE, EQ)
for U850 and at (145.0ºE, 5.0ºN) for OLR in western tropical Pacific Ocean (long
dashed-line). Abscissa in (e) and (f) indicates the angle of arrival from 0 to 355 degree
with a 5-degree increment. The two ordinates on the left show the magnitudes of p(φ)
at the Indian Ocean (IO) and the western tropical Pacific (WP) locations, respectively.
The single peak in the two curves shows the unambiguous nature of the fixed
beamformer in detecting the intraseasonal signal.

89

90

Figure 6: Same as in Figs. 5(a)-(d), but for 1 Apr-31 May 1982 ISO event.
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Figure 7: Same as in Figure 6, but for 1 Jan-31 Mar 1988 ISO event.
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Figure 8: Same as in Figure 6, but for 1 Dec 1991-15 May 1992 ISO event.
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Figure 9: Same as in Figure 6, but for 1 Nov 1994-31 Jan 1995 ISO event.
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Figure 10: Same as in Figure 6, but for 16 Feb-30 Apr 1980 ISO event.
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Figure 11: Same as in Figure 6, but for 1 Mar-30 May 1996 ISO event.
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Figure 12: Same as in Figure 6, but for 1 Jul-30 Sept 1981 ISO event.
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Figure 13: Same as in Figure 6, but for 21 Sept-30 Nov 1985 ISO event.
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(a)

(b)

(c)

(d)

Figure 14: Temporal-height diagram of regression analysis for all propagating ISO
cases in the source region of (5oS~5oN, 80oE~100oE): from day -30 to day +30 with
15 levels in the vertical direction from 1000hPa to 50hPa upward. (a): OLR anomalies
(units: W m-2, solid line, ordinate on the right), and surface evaporation (units: mm,
dash line, ordinate on the left). (b): Temperature anomalies (units: K, solid line for
positive values with 0.05 contour interval, green shaded area is greater than 0.05 K;
dash line for negative values with 0.05 contour interval, yellow shaded area is less
than -0.05 K). (c) Specific humidity anomalies (units: g kg-1, solid line for positive
values with 0.1 contour interval, green shaded area is greater than 0.1 g kg-1; dash line
for negative values with 0.1 contour interval, yellow shaded area is less than -0.1 g kg1
). (d): Divergence anomalies (units: 10-6 s-1, solid line for positive values with 0.1
contour interval, green shaded area is greater than 0.1 10-6 s-1; dash line for negative
values with 0.1 contour interval, yellow shaded area is less than -0.1 10-6 s-1), and
zonal velocity anomalies (units: m s-1), and vertical velocity anomalies (units: 10-2 pa
s-1).
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Figure 15: Same as Figure 14 (a)-(d), but for non-propagating ISO cases.
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Figure 16: Same as Figure 14 (a)-(d), but for differences between propagating ISO
cases and non-propagating ISO cases, i.e. Figure 14 subtract Figure 15.
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Figure 17: Zonal-height diagram of regression analysis for all propagating ISO cases
on an average equatorial scope of (5oS~5oN) along Indian to Pacific Ocean from 40oE
to 80oW: from day -20 to +20, results are represented by (a) to (i) with 5 days
increments; Number 1 to 4 refer to the graphs from top to bottom in each diagram; (1):
OLR anomalies (units: W m-2, solid line, ordinate on the right), and surface
evaporation (units: mm, dash line, ordinate on the left). (2): Temperature anomalies
(units: K, solid line for positive values with 0.1 contour interval, green shaded area is
greater than 0.1 K; dash line for negative values with 0.1 contour interval, yellow
shaded area is less than -0.1 K). (3) Specific humidity anomalies (units: g kg-1, solid
line for positive values with 0.1 contour interval, green shaded area is greater than 0.1
g kg-1; dash line for negative values with 0.1 contour interval, yellow shaded area is
less than -0.1 g kg-1). (4): Divergence anomalies (units: 10-6 s-1, solid line for positive
values with 0.5 contour interval, green shaded area is greater than 0.1 10-6 s-1; dash
line for negative values with 0.5 contour interval, yellow shaded area is less than -0.1
10-6 s-1), zonal velocity anomalies (units: m s-1), and vertical velocity anomalies (units:
10-2 pa s-1).
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Figure 18: Same as Figure 17 (a)-(i), but for non-propagating ISO case 1996 in the
source region of (5oS~5oN, 80oE~100oE).
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Figure 19: Temperature regression analysis for propagating ISO source and
neighboring regions. Unit: K; black solid line, red dash line is the mark of zero. Letter
from (a) to (i) is different time step during the ISO life cycle, from day -20 to day 20
with 5-day increment. Number (1) and (5) represent the regions 40 degrees west
(W40) and east (E40) from the source region; Number (2) and (4) represent the
regions 20 degrees west (W20) and east (E20) from the source region; and number (3)
represent the source region (CC). As an example, Figure 19a1 is the propagating ISO
temperature regression analysis result for region W40 at day -20.
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Figure 20: Same as Figure 19 but for non-propagating ISO cases.
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Figure 21: Same as Figure 19 but for the differences between propagating and nonpropagating ISO cases, i.e. propagating ISO subtracts non-propagating ISO.
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Figure 22: Specific humidity (moisture) regression analysis for propagating ISO
source and neighboring regions. Unit: g kg-1, black solid line, red dash line is the mark
of zero. Letter from (a) to (i) is different time step during the ISO life cycle, from day
-20 to day 20 with 5-day increment. Number (1) and (5) represent the regions 40
degrees west (W40) and east (E40) from the source region; Number (2) and (4)
represent the regions 20 degrees west (W20) and east (E20) from the source region;
and number (3) represent the source region (CC). As an example, Figure 22a1 is the
propagating ISO specific humidity regression analysis result for region W40 at day 20.
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Figure 23: Same as in Figure 22 but for non-propagating ISO cases.
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Figure 24: Same as in Figure 22 but for the differences between propagating and nonpropagating ISO cases, i.e. propagating ISO subtracts non-propagating ISO.
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Figure 25: Horizontal map of temperature anomalies by regression analysis on the
base of source region (80oE~100oE, 5oS~5oN) for all propagating ISO cases at 850hPa:
units: K, solid line for positive values with 0.2 contour interval, shaded area is greater
than 0 K; dash line for negative values with 0.2 contour interval; (a) to (i) represent
the time step of the ISO life cycle from day -20 to day 20 with 5-day interval.
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Figure 26: Same as in Figure 25 but for temperature in 250hPa.
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Figure 27: Horizontal map of specific humidity anomalies by regression analysis on
the base of source region (80oE~100oE, 5oS~5oN) for all propagating ISO cases at
850hPa: units: g kg-1, solid line for positive values with 0.2 contour interval, shaded
area is greater than 0 g kg-1; dash line for negative values with 0.2 contour interval; (a)
to (i) represent the time step of the ISO life cycle from day -20 to day 20 with 5-day
interval.
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Figure 28: Same as in Figure 27 but for specific humidity in 250hPa, and the counter
interval is 0.02 g kg-1.
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Figure 29: Same as in Figure 25 but for non-propagating ISO case 1996
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Figure 30: Same as in Figure 26 but for non-propagating ISO case 1996.
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Figure 31: Same as in Figure 27 but for non-propagating ISO case 1996.
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Figure 32: Same as in Figure 28 but for non-propagating ISO case 1996.
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